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1. Introduction 
1.1. General Remarks 
The design of crystalline materials, or crystal engineering is an important and rapidly 
growing area of research1. 
Braga et al.2 extended the concept of organic crystal engineering to the field of 
inorganic, organometallic and coordination chemistry. They pointed out that, while 
covalent or coordination solids are ‘held together’ by strong two-electron bonds 
(either covalent or dative), molecular materials owe their stability to the network of 
non-covalent interactions between molecular building blocks. The construction of 
covalent networks usually requires larger energies than those required to prepare 
coordination networks or to assemble molecular crystals (Figure 1-1). 
 
Figure 1-1. Simplistic energy scale from covalent, to coordination to noncovalent 
networks.  
Hence, materials containing covalent networks or coordination networks are 
generally more robust than those based only on organic molecules and on weak 
interactions between organic building blocks. Coordination compounds have 
advantages over organic compounds as molecular building blocks because metals 
exhibit a variety of coordination geometries and a broad range of physical properties 
that are understood. A potential disadvantage of coordination polymers is that the 
strength of metal-ligand bonds is typically at least an order of magnitude greater than 
that of hydrogen bonds. Consequently, the supramolecular structures of some 
coordination polymers can be very rigid, form irreversibly and exhibit such fast 
kinetics for nucleation and growth of crystals that the products form insoluble 
microcrystalline powders. 
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1.2. Squaric acid 
3,4-dihydroxy-3-cyclobutene-1,2-dione ("squaric acid") was first synthesised in 1959 
by Cohen et al.3. It belongs to the series of cyclic oxocarbons of formula H2CnOn with 
n ranging from 3 to 6 4,5. 
Oxocarbons are the best example of a class of molecules having symmetric π- 
systems with heteroatoms being responsible for delocalization6 – just as benzenoid 
systems are the standard example of delocalized carbon systems. 
Studies of the coordination chemistry of the squarate ligand have attracted increasing 
attention because it generates a wide variety of coordination modes; it adopts mono- 
or polydentate coordination modes when acting as a ligand toward first row transition 
metal ions. The squarate dianion acts as a bridge between two or more metal ions 
(mono- or polydentate coordination modes) or as a counter ligand in some 
compounds. Therefore, very few structures of mononuclear complexes have been 
reported to date7-9. 
Squaric acid is also a strong dibasic acid (pK1= 1.2-1.7, pK2 = 3.2-3.5) with a four-
atom-ring framework and it is widely demonstrated that squaric acid can be used to 
generate structural assemblies in solid state via hydrogen bonding10. 
Hydrogen-bonded systems generated from organic cations and anions are of special 
interest since they are expected to show stronger hydrogen bonds than neutral 
molecules and enable the use of simple acid–base chemistry to tune donor and 
acceptor properties of the counterions. Archer et al.11 have pointed out that H-bonds 
may be viewed as arrested intermediates in deprotonation events; the optimum H-
bond strength is achieved when the pKa of the H-bond donor and the conjugate acid 
of the acceptor are matched. Squaric acid can readily form mono-[SQH]-  and 
dianions -[SQ]2- on deprotonation by amines (Scheme 1-1). All the three species 
posses a certain degree of delocalization, but it is most pronounced in [SQ]2-, which 
is considered to be aromatic12. 
 
Scheme 1-1. Squaric acid and its anions. 
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The monohydrogen squarate anions [SQH]- can align to form a head-to-tail chain 
through strong O–H···O hydrogen bonds to form motif-A or a head-to-head cyclic 
dimer (motif B) or a tetramer (motif C)12 as shown in Scheme 1-2.  
  
 
Linear chain, Motif A Cyclic dimer, Motif B Cyclic tetramer, Motif C 
Scheme 1-2. Hydrogen bonds motifs formed by the squarate monoanion, [SQH]-. 
Squaric acid was identified as a promising scaffold for the design of highly compact 
self-assemblies formed by a combination of complementary hydrogen bonding (N–
H···O, O–H···O and C–H···O) and ionic interaction with suitable polarizable cations as 
compatible partners10. 
1.3. Aim 
The aim of this PhD research is to prepare a variety of squaric-based materials using 
either a coordinative or a hydrogen-bonding motif. It comprises three classes of 
compounds:  
1. Hydrogen-bonded systems based on acid-base reactions (nitrogen containing 
bases –biguanide derivatives- and squaric acid).  
It is known that a molecule or a fragment of a molecule may donate or accept a 
proton when the molecule is placed in an aqueous solution. Starting from the reaction 
of biguanide derivatives with squaric acid, the role of the pH on the protonation 
process and the study of the hydrogen-bonded patterns of the resulting species are 
envisaged. As biguanide derivatives: N,N-dimethylbiguanide, N-phenylbiguanide, N-
o-tolylbiguanide were chosen. 
2. Squarate complexes of transition metals (coordinative bonds concept). 
Synthesis of building blocks-mononuclear complexes: molar ratio M:L=1:1/1:2/1:3 M= 
3d metal ions (CuII, MnII, FeII, CoII),  L= heterocyclic α-diimines (L1= phen, F.M. 
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C12H8N2; L2= Schiff base, F.M. C12H10N2O) and association of the different building 
blocks through squarate bridging ligand in order to obtain dinuclear complexes. The 
synthesis of the squarate homo- and heteropolynuclear complexes containing some 
3d metal ions (CuII, MnII, FeII, CoII) is also envisaged. 
3. Ag(I)−squarate coordination polymers which combine the bridging ability of 
squarate with the flexibility in the coordination number, donor type and the geometry 
adopted by the AgI cation. 
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2. Hydrogen-bonded systems generated by the squaric acid 
Weak interactions between molecules containing hydroxyl groups were noted in 1892 
by Nernst13. According to Huggins14, Latimer and Rodebush15, the hydrogen atom is 
the centre of these weak interactions. 
Hydrogen bonded systems generated from organic cations and anions are of special 
interest since they would be expected to show stronger hydrogen bonds than neutral 
molecules and enable the use of simple acid−base chemistry to tune donor and 
acceptor properties of the counterions12. 
Portalone and Colapietro16 have pointed out that there is a very close relationship 
between hydrogen bonding and proton transfer; whenever the hydrogen bonding 
associations result in complete proton transfer an ionic compound is produced and 
the non−covalent interactions between hydrogen bonding groups are reinforced. 
A molecule, or an atom group in a molecule, may lose or gain a proton when the 
molecule is placed in an aqueous solution. The exact probability that a molecule will 
be protonated or deprotonated depends on the pKa of the molecule and the pH of the 
solution. Protonation equilibria are pH dependent.  
3,4-Dihydroxy-3-cyclobutene-1,2-dione (squaric acid, H2C4O4 ≡ [SQH2]) is a strong 
diprotic acid whose pK1 =1.2-1.7 and pK2 =3.2-3.517,18. It can readily form both the 
monoanion [C4O4H]- ≡ [SQH]- and the square-planar dianion [C4O4]2- ≡ [SQ]2- and 
thus, it is a versatile building unit for supramolecular chemistry; in particular, the 
dianion may be expected to function as a strong hydrogen-bond acceptor with a 
structurally well defined array of acceptor sites10. In general, squaric acid and its 
anions are of potential interest in crystal engineering because of their nature of small, 
flat and rigid molecules which can self-assemble by strong …O=C-C=C-OH… 
resonance-assisted hydrogen bonds in [SQH2] and [SQH]-, or even stronger –O-
H···O- (negative charge-assisted hydrogen bonds (-)CAHB) in [SQH]- and, moreover, 
may be acceptors of further hydrogen bonds donated by aminic, iminic and 
hydroxylic functions. Squaric acid may donate one or two protons to nitrogen bases 
forming ≡N+H···O- 䋬 ≡N···HO  bonds whose strength is determined by the matching of 
the pKa values of the squaric acid and the base involved19. According to Gilli et al.20, 
while [SQH2] can crystallize in an unique planar arrangement and [SQ]2- behaves 
much as a monomeric dianion, the monoanion [SQH]- may display a considerable 
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number of polyanionic supramolecular architectures. Therefore, they are suited to 
interact with molecules rich in hydrogen-bond donors such as the biguanide 
derivatives. 
Ray21 has pointed out that biguanides ([BigH] = a molecule of any biguanide) are 
moderately strong bases. A quantitative measure of the basic character of ligands is 
given by the value of the dissociation constants of their conjugate acids, the 
protonated ligands [BigH2]+ or [BigH3]2+ as the case may be. The dissociation 
constants Ka1 and Ka2 of the first and the second protonated biguanides determined 
by the usual pH method and from their ultraviolet absorption spectra (within a certain 
range of pH values) are: 11.4 and 3.0 (dimethylbiguanide), 10.7 and 2.2 
(phenylbiguanide). Up to date there is no literature entry regarding ortho-
tolylbiguanide, but for para-tolylbiguanide, which is expected to behave similar, the 
Ka1 and Ka2 values are 11.8 and 2.621. 
The structures of biguanides in solution, the analysis of possible tautomeric 
structures and the determination of the protonation sites have been carried out by 
Clement et al.22 by 15N NMR spectroscopy Fig. 2-1. 
 
Figure 2-1. The tautomeric structures of biguanide derivatives. 
As it is reported, the structure of the biguanide molecule is not symmetric. The 
carbon-nitrogen bond lengths are all short and almost equivalent. From this and the 
planarity of the halves it is evident that there is a strong π contribution to all bonds. 
The lack of complete planarity of the ions is due to steric interaction between the 
hydrogen atoms. This interaction induces a strain in the molecules which is 
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manifested by a distortion of the angles at the sp2 carbon atoms in [BigH2]+ and in 
[BigH3]2+ by the opening of the angle at the bridging nitrogen atom. This difference in 
behaviour is caused by the weakening of the bridge bonds due to the lowered 
basicity of the bridge atom on protonation. In contrast to the neutral biguanide 
molecule, all the terminal nitrogen atoms are planar and sp2 in character. The 
intermolecular hydrogen bonds in the ionic structures could have an important effect 
on the cation geometries23. In fact, the only significant effect is the change in the out-
of-plane distortion in [BigH2]+.  
2.1. Characteristics of graphs 
Hydrogen−bond patterns frequently involve many types of hydrogen bonds with 
multiple intertwined hydrogen−bond networks. The purpose of graph−set 
assignments is to define the morphology of hydrogen bonded arrays. The process of 
assigning a graph set begins with identification of the number of different types of 
hydrogen bonds as defined by the nature of the donors and acceptors in a hydrogen 
bond, that are present in the structure of interest24.  
2.1.1 Graph−set definitions24 
The set of molecules to be analyzed is called an array. Some or all molecules in the 
array are associated through hydrogen bonds. This array does not need to be in a 
crystal structure but regular as repeating sets.  
A network is a subset of an array in which each molecule in the network is connected 
to every other molecule by at least one hydrogen bonded pathway. A network could 
contain any number of different kinds of hydrogen bonds. 
A motif is a special type of network. It is a hydrogen−bonded set in which only one 
type of hydrogen bond is present (defined by the chemical nature of the proton donor 
and acceptor used in the hydrogen bond). 
A topological decoding scheme that facilitates comparison of hydrogen−bond pattern 
involves decomposing hydrogen−bond networks into graph sets which are based on 
the number of proton donors and acceptors used in the motif, on whether the 
hydrogen bonds are intra− (S−intramolecular hydrogen bond) or intermolecular, and 
in the latter case on whether the intermolecular motifs are finite (R−ring or D−dimer 
or other finite set) or infinite (C−chain). The number of donors (d) and acceptors (a) 
used in each motif are assigned as subscripts and superscripts, respectively, and the 
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size or degree of a pattern based on the number of atoms in a hydrogen−bonded ring 
for example is shown in parentheses following the graph set descriptor24,26. 
2.1.2 Rules applied in graphs 
The use of graph−sets as a tool for analyzing hydrogen−bond patterns of numerous 
structures allow to determine graph set distribution corresponding to a class of 
molecules containing one particular functional group and conversely functional group 
distributions corresponding to all structures with a particular graph set. 
Hydrogen−bond rules reflect these relationships and provide useful information about 
preferred connectivity patterns, hydrogen−bond selectivity and stereoelectronic 
properties of hydrogen bonds for a particular functional group or for sets of functional 
groups.  
For organic hydrogen−bonded structures, there are three rules (developed by 
Donohue27):  
● all acidic hydrogens available in a molecule will be used in hydrogen bonding 
in the crystal structure of that compound 
● all good acceptors will be used in hydrogen bonding when there are available 
hydrogen−bond donors 
● the best hydrogen−bond donor and the best hydrogen−bond acceptor will 
preferentially form hydrogen bonds to one another. 
These rules reflect energetically favourable kinds of intermolecular association. 
2.2. Supramolecular hydrogen−bonds in biguanidinium squarates 
The present study describes the supramolecular hydrogen−bonded systems formed 
by squaric acid [SQH2] and biguanide derivatives.  
Squaric acid is a strong diprotic acid, pK1=1.2−1.7; pK2=3.2−3.5. With its 
four−atom−ring framework for hydrogen bonding it can act as a donor as well as an 
acceptor10. Biguanide−derivatives appeared appealing partners for squaric acid 
because they are strong bases28 and they incorporate a characteristic pattern of 
multiple sites that can donate or accept hydrogen bonds, thereby directing molecular 
recognition and association29. The squarates of the different biguanides studied 
exhibit hydrogen−bonded structures of interest. Protonation equilibria are pH 
dependent. In addition, hydrogen bonding leads to alternative arrangements despite 
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very similar acidity during the reaction. Besides the aim of identifying the 
hydrogen−bonded motifs in these squarates Etter’s graph set description24,24 of 
hydrogen bonds have been employed to characterize their structures. 
2.2.1. Crystal structure of N, N−dimethylbiguanide squarates 
The structure of N,N−dimethylbiguanide hydrochloride (DMB.HCl) has been 
described by Hariharan et al.30 (Fig. 2.2.1).  
 
Figure 2.2.1. N, N − dimethylbiguanide 
According to the authors, the two-guanide groups are non−planar, the angle between 
two guanide planes being 67.9(1)°. 
In this chapter the compounds 1a−1d are described, these compounds were 
obtained as shown in the following scheme: 
 
2.2.1.1. N, N−dimethylbiguanidinium−bis(hydrogensquarate), (C4H13N5)(C4HO4)2, 
1a 
This compound crystallizes in the space group P−1. The asymmetric unit consists of 
two squarate monoanions [SQH]− and one diprotonated biguanide [DMB]2+ (Fig. 
2.2.1.1−1). Protonation occurs at the imino groups attached to C11 and C12 as a 
result of the proton−transfer process from the acidic hydroxyl groups of [SQH2]. As 
expected, in the DMB cation, the two-guanidinium groups are non−planar. The two 
halves of the biguanide residue are slightly pyramidal and display a dihedral angle of 
34.11(4)°. The torsion angle C12−N5−C11−N4 is −141.96(5)°. 
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Figure 2.2.1.1−1. Asymmetric unit of 1a. 
The equivalence of the C−N bond lengths suggests some degree of delocalization of 
π−electron density through these fragments (Table 2.2.1.1−1). 
Table 2.2.1.1−1 
Distance (Å) 
C9−N1 1.4615(8) C11−N2 1.3790(8) 
C10−N1 1.4626(8) C12−N2 1.3764(7) 
C11−N1 1.3155(6) C12−N3 1.3206(8) 
C11−N4 1.3262(8) C12−N5 1.3087(7) 
In the anions [SQH]−, the C−C bond lengths at the carbon atom carrying the hydroxyl 
group are shorter than the remaining two C−C bond lengths of the ring and C−C−C 
angles deviate significantly from 90°(Table 2.2.1.1−2). 
Table 2.2.1.1−2 
Distance (Å) 
C1−C2 1.4778(7) C1−O1 1.2357(7) 
C1−C4 1.4967(8) C2−O2 1.2490(7) 
C2−C3 1.4295(8) C3−O3 1.3034(7) 
C3−C4 1.4525(7) C4−O4 1.2347(7) 
C5−C6 1.4903(7) C5−O5 1.2326(6) 
C5−C8 1.4776(8) C6−O6 1.2440(7) 
C6−C7 1.4464(7) C7−O7 1.2959(7) 
C7−C8 1.4362(7) C8−O8 1.2498(7) 
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Angle (°) 
C1−C2−C3           89.79(4) C5−C6−C7 88.47(4) 
C2−C3−C4          92.85(4) C6−C7−C8 92.76(4) 
C3−C4−C1 88.18(4) C7−C8−C5 89.35(4) 
C4−C1−C2 89.17(4) C8−C5−C6 89.36(4) 
A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. In the crystal structure, the hydrogen−bonding scheme is rather 
complex and involves all available hydrogen−bond donor/acceptor sites. In total, the 
supramolecular structure of 1a is characterised by two− and three− centre hydrogen 
bonds, namely N−H···O, N−H···N and O−H···O bonds. In the crystal structure each 
independent molecular adduct is linked by multiple hydrogen bonds to form a 
two−dimensional framework. For descriptive purposes, it is convenient to select a 
“superadduct”16 consisting of the asymmetric unit and then analyze firstly the 
hydrogen bonding within this aggregate and secondly the hydrogen−bonding patterns 
between neighbouring individual superadducts. 
As mentioned previously, in the superadduct one [DMB] molecule forms a cation 
(diprotonated) as a result of the incorporation of one hydrogen atom from each of the 
squarate molecules. 
There are three intramolecular interactions in the biguanide molecule, d(N···N)= 
2.9058(7) Å, d(C···N)= 2.7851(8) Å, which give rise to S11(6) and S11(5) motifs (Fig. 
2.2.1.1−2). 
 
Figure 2.2.1.1−2. Intramolecular and intermolecular interactions within the 
asymmetric unit of 1a. 
The intermolecular motifs are finite (R or D) or infinite (C).  
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Figure 2.2.1.1−3. Example of intermolecular hydrogen bond motifs in crystal 
structure of 1a. 
Each biguanide molecule is coordinated to five different squarate molecules and 
gives rise to R12(6), R22 (9), R22(10), R24(16), R44(18), R44(22) rings (Fig. 2.2.1.1−3; 
2.2.1.1−4). 
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Figure 2.2.1.1−4. Intermolecular finite motifs in the crystal structure of 1a. 
One of the squarate molecules forms five hydrogen bonds: two with the other 
squarate molecule, where it behaves once as a donor and once as an acceptor and 
three hydrogen bonds where it acts as an acceptor from two biguanide molecules. 
The other molecule of squarate forms six hydrogen bonds: two with the other 
squarate molecule, where it behaves once as a donor and once as an acceptor and 
four hydrogen bonds with the nitrogen atoms of three different biguanide molecules, 
where it acts as an acceptor. Each of these squarate molecules is further dimerized 
in the c direction through double cyclic very short O−H···O bonds (d(O···O) = 
2.4428(6) Å and d(O···O) =  2.5717(5) Å) and form a 10 membered ring, R22(10) (Fig. 
2.2.1.1−5).  
 
Figure 2.2.1.1−5. Head−to−head R22(10) HSQ dimer of 1a. 
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The squarate dimers are further connected with biguanide molecules along the c 
direction through N−H···N hydrogen bonds, d(N···O) distances in the range of 
2.8265(6) − 2.8548(6) Å, to form a R66(32) ring along the c−axis. The ring comprises 
two parallel C33(16) chains (Fig. 2.2.1.1−6).  
Such chains are obtained from a squarate dimer connected to the two ends of 
biguanide molecules. The rings are arranged parallel to one another with a slight shift 
and form an infinite layer in the b and c directions. 
 
 
Figure 2.2.1.1−6. C33(16) and R66(32) in 1a. 
Main interactions in the a direction (within rings) are N−H···N intramolecular hydrogen 
bonds, d(N···N) = 2.9058(7) Å, but there are also N−H···O hydrogen bonds between 
squarate molecules and biguanide molecules, N···O distances in the range of 
2.7386(7)−3.0061(7) Å (Fig. 2.2.1.1−7).  
. 
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Figure 2.2.1.1−7. Projection along [001] direction 1a. 
The layers run parallel to one another in the a direction (Fig. 2.2.1.1−8).  
 
Figure 2.2.1.1−8. Layers of 1a along [001] direction. 
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The cation’s methyl groups also participate in C−H···O bonds with [SQH]− ions, 
d(C···O) are 3.1437(8) Å and 3.2110(8) Å. 
Full details of the hydrogen bonding geometry are given in Table 2.2.1.1−3. 
Table 2.2.1.1−3 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
N4−H4 ···N5 intra 0.76 2.51 2.9058(7) 114 
N5−H5A ···N4 intra 0.78 2.48 2.9058(7) 116' 
C10−H10C ···N2 intra 0.98 2.40 2.7851(8) 103 
N2a−H2 ···O8 0.76 2.03 2.7386(7) 156 
N3−H3 ···O4b 0.82 2.05 2.8265(6) 158 
N3a−H3A ···O8 0.73 2.13 2.7861(7) 150 
N4−H4 ···O5c 0.76 2.15 2.8548(6) 154' 
N4−H4A ···O1d 0.76 2.29 3.0061(7) 157 
N5−H5 ···O1b 0.74 2.11 2.8273(6) 163 
N5−H5A ···O5 0.78 2.03 2.7438(7) 152 
O3−H30 ···O6e 0.78 1.83 2.5717(5) 159 
O7 −H70 ···O2e 0.78 1.69 2.4428(6) 161 
C9−H9A ···O2d 0.98 2.36 3.2110(8) 145 
C10−H10A ···O7a 0.98 2.44 3.1437(8) 128 
The letters refer to the following symmetry operations: a = −1+x,−1+y,z; b = 
1−x,2−y,1−z; c = 2−x,2−y,1−z; d = 1+x,y,z; e = 1−x,2−y,−z 
2.2.1.2. N, N−dimethylbiguanidinium squarate dihydrate, (C4H13N5)(C4O4)(OH2)2, 
1b 
This compound crystallizes in the space group Pca21. The asymmetric unit contains 
one squarate dianion [SQ]2−, one diprotonated biguanide [DMB]2+ and two water 
molecules (Fig. 2.2.1.2−1). Protonation occurs at the imino groups attached to C8 
and C9 as a result of the proton−transfer process from the acidic hydroxyl groups of 
[SQH2]. In the [DMB]2+ cation, the guanidinium groups are non−planar. The two 
halves of the biguanide residue make a dihedral angle of 43.5(2)°. The torsion angle 
C8−N4−C9−N3 is −135.9(3)°. 
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Figure 2.2.1.2−1. The asymmetric unit of 1b. 
The equivalence of the C−N bond lengths suggests some degree of delocalization of 
π−electron density through these fragments (Table 2.2.1.2−1). 
Table 2.2.1.2−1 
Distance (Å) 
C6−N1 1.465(4) C8−N2 1.369(4) 
C7−N1 1.464(4) C9−N2 1.380(4) 
C8−N1 1.312(4) C9−N3 1.317(4) 
C8−N4 1.320(4) C9−N5 1.310(3) 
The squarate is fully deprotonated and this is reflected by the equivalents of the bond 
lengths and the angles within the squarate dianion (Table 2.2.1.2−2).  
Table 2.2.1.2−2 
Distance (Å) 
C1−C2 1.466(4) C1−O1 1.250(3) 
C1−C4 1.454(4) C2−O2 1.247(4) 
C2−C3 1.472(4) C3−O3 1.252(3) 
C3−C4 1.451(4) C4−O4 1.266(3) 
 
Angle (°) 
C1−C2−C3           89.6(2) C3−C4−C1 91.0(2) 
C2−C3−C4          89.6(2) C4−C1−C2 89.8(2) 
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A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. In the crystal structure, the hydrogen−bonding scheme involves all 
available hydrogen−bond donor/acceptor sites. In total, the supramolecular structure 
of 1b is characterised by N−H···O, N−H···N and Ow−H···O hydrogen bonds. In the 
crystal structure, each independent molecular adduct is linked by multiple hydrogen 
bonds to form a three−dimensional framework. There are two intramolecular 
interactions in the biguanide molecule, d(N···N)= 2.926(4) Å, which give rise to S11(6) 
motifs (Fig. 2.2.1.2−2). 
In the asymmetric unit there are 7 hydrogen bonds. [SQ]2− acts as an acceptor of 
hydrogen bonds; it links [DMB]2+ through R22(9) and a water molecule through D11(2) 
hydrogen bonds. The other water molecule is linked to [DMB]2+ through a R12(6) 
hydrogen bond motif (Fig. 2.2.1.2−2).  
 
 
Figure 2.2.1.2−2. Intramolecular and intermolecular interactions within the 
asymmetric unit of 1b. 
In addition to the 7 hydrogen bonds within the asymmetric unit, there are further 
interactions which link neighbouring superadducts into a three dimensional 
framework.  
[DMB]2+ is coordinated to five different [SQ]2− molecules and one water molecule 
through D11(2), R23(8) and R22(9) motifs. The [SQ]2− molecule is fully deprotonated; it 
acts as an acceptor of hydrogen bonds from five biguanide molecules and three 
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water molecules forming D11(2), R22(9) and R23(8) motifs. Oxygen atoms from water 
molecules act as donors (with oxygen atoms from the [SQ]2−) as well as acceptors of 
hydrogen bonds. There is one hydrogen bond between two water molecules, 
d(O···O) = 2.693(3)Å. One water molecule is a bridge between one squarate and the 
other water molecule (it acts as a donor of hydrogen bonds) and acts as an acceptor 
of hydrogen bonds from two nitrogen atoms from one biguanide molecule giving rise 
to a R12(6) motif. The other water molecule acts as a donor of hydrogen bonds with 
two [SQ]2− molecules and accepts one hydrogen bond from the other water molecule.  
The squarate molecules are connected by the water molecules through O−H···O 
hydrogen bonds, O···O distances in the 2.669(3)−2.784(3) Å range.  
These interactions give rise to infinite water−squarate chains propagated along the 
c−axis. The chains are running parallel along the a−axis (Fig. 2.2.1.2−3). 
 
 
Figure 2.2.1.2−3. Infinite water−squarate chains. 
Biguanide molecules connect two parallel chains. Taking into account that each 
squarate molecule is connected to five biguanide molecules and three water 
molecules forming D11(2), R22(9) and R23(8) motifs (described previously), the 
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water−squarate chains are extended through N−H···O hydrogen−bonds N···O 
distances in the 2.760(3)−2.881(3) Å range (Fig. 2.2.1.2−4).  
 
Figure 2.2.1.2−4. Hydrogen bonds between one cation and its neighbours. 
The results are infinite two−dimensional layers inclined at an angle with respect to 
the a and c axes. Adjacent layers are connected two−by−two through O−H···O 
hydrogen−bonds, d(O···O) = 2.693(3) Å along the b direction (Fig. 2.2.1.2−5).  
 
Figure 2.2.1.2−5. Crystal structure of 1b. Projection along [001] direction. 
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The water molecules connect the 2−D structure into a 3−D structure. There are 
additional weak interactions C−H···O (the carbon atom belong to the methyl groups of 
the biguanides and oxygen atoms to the squarate molecules), with d(C···O) = 
3.260(4) Å.  
Full details of the hydrogen bonding geometry are given in Table 2.2.1.2−3. 
Table 2.2.1.2−3 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
N2−H20 ···O5 0.91 1.86 2.714(3) 155 
N3−H30 ···O3 0.84 2.03 2.794(3) 153 
N3−H31 ···N4 intra 0.93 2.49 2.926(4) 109 
N4−H40 ···N3 intra 0.95 2.61 2.926(4) 100 
N3−H31 ···O4a 0.93 1.95 2.828(3) 156 
N4 −H40 ···O4b 0.95 1.95 2.881(3) 167 
N4−H41 ···O3c 0.87 1.97 2.802(3) 159 
N5−H50 ···O4 0.92 1.85 2.760(3) 167 
N5 −H51 ···O5 0.91 2.54 3.167(4) 127 
N5−H51 ···O1d 0.91 2.00 2.866(3) 157 
O5−H150 ···O6e 0.91 1.79 2.693(3) 170 
O5−H151 ···O1f 0.98 1.80 2.669(3) 146 
O6−H160 ···O2b 1.00 1.79 2.784(3) 176 
O6 −H161 ···O2 0.93 1.85 2.770(3) 170 
C7 −H7C ···O2g 0.98 2.59 3.260(4) 126 
The letters refer to the following symmetry operations: a = 1/2+x,1−y,z; b = 
1/2−x,y,1/2+z; c = 1−x,1−y,1/2+z; d = −x,1−y,1/2+z; e = x,−1+y,z; f =  −x,1−y,1/2+z; g 
= 1/2+x,1−y,1+z. 
2.2.1.3. N, N−dimethylbiguanidinium−squarate hydrate, (C4H13N5)(C4O4)(OH2), 1c 
This compound crystallizes in the space group P21. The asymmetric unit contains two 
squarate dianions [SQ]2−, two diprotonated biguanide [DMB]2+ and two water 
molecules (Fig. 2.2.1.3−1). Protonation occurs at the imino groups as a result of the 
proton−transfer process from the acidic hydroxyl groups of the [SQH2]. In the [DMB]2+  
cation, the two guanidinium groups are non−planar. The two halves of each 
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biguanide residue make a dihedral angle of 54.03(15)° and 52.44(15)°. The torsion 
angle C11−N4−C12−N3 is −126.0(2)° and C15−N9−C16−N10 is 125.6(2)°.  
 
Figure 2.2.1.3−1. The asymmetric unit of 1c. 
The squarate is fully deprotonated; this is reflected in the lengths and the angles 
within the squarate dianion, which are similar (C−O distances are in the range of 
1.244(3) – 1.262(3) Å). The C−N distances are in the range of 1.303(3)− 1.378(3) Å. 
The equivalence of the C−N bond lengths suggests some degree of delocalization of 
π−electron density through these fragments. 
The crystal structure of this compound is stabilized by intra− and intermolecular 
hydrogen bonds.  
The supramolecular structure of 1c is characterised by N−H···O and Ow−H···O 
hydrogen bonds. Predominant hydrogen bonds are N−H···O between the [DMB]2+ 
and [SQ]2−. The average N···O distances are in the range of 2.612(3)−3.104(3) Å. 
Compound 1c has two independent molecules in the asymmetric unit. In the crystal 
structure, each independent molecular adduct is linked by multiple hydrogen bonds 
to form a three−dimensional framework.  
There are three intramolecular interactions between C−H (belonging to the methyl 
group of the biguanide) and nitrogen atoms, with d(C···N) in the range of 2.785(3) – 
2.793(3) Å, which form S11(5) motif (Fig. 2.2.1.3−2). 
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Figure 2.2.1.3−2. Intramolecular interaction in biguanide cations. 
In the asymmetric unit there are two hydrogen bonds between one squarate 
molecule and the water molecules, d(O···O) = 2.875(3) Å and d(O···O) = 2.811(3) Å. 
Biguanide molecules are connected via hydrogen bonds to four squarate molecules 
and one water molecule to give rise to R22(9), D11(2) and R33(13) motifs (Fig. 
2.2.1.3−3). The two biguanide molecules are connected to seven squarate molecules 
and to two water molecules. 
 
Figure 2.2.1.3−3. Intermolecular R22(9) and R33(13) motifs in 1c. 
A squarate ion participates in hydrogen−bonds as acceptors from four biguanide and 
two water molecules (for each squarate molecule) and forms R22(9) and D11(2) motifs 
(Fig. 2.2.1.3−4). One water molecule acts as a bridge between the two [SQ]2− 
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molecules; the other water molecule is a bridge between one [SQ]2− and one 
[DMB]2+.  
 
Figure 2.2.1.3−4. Intermolecular interactions between the anion and the cations 
connected to it. 
The squarate molecules are connected by the water molecules through O−H···O 
hydrogen bonds, O···O distances are in the 2.704(3)− 2.875(3) Å range.  
These interactions give rise to infinite zig−zag C42(16) chains propagated along the 
b−axis. The chains are running parallel along the c−axis (Fig. 2.2.1.3−5). 
 
Figure 2.2.1.3−5. C42(16) water−squarate chains in 1c. 
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Two squarates from adjacent chains are connected in the ac plane by two biguanide 
molecules through N−H···O hydrogen bonds, N···O distances are in the 
2.761(3)−2.981(3) Å range to give rise to R54(18) rings (Fig. 2.2.1.3−6).  
 
 
Figure 2.2.1.3−6. R54(18) motifs in 1c. 
The rings are connected along the a and c − axes through N−H···O hydrogen bonds, 
N···O distances are in the 2.612(3)−2.903(3) Å range and along b,c − axes through 
N−H···O hydrogen bonds, d(N···O) 2.762(3), 2.732(3) Å and O−H···O hydrogen 
bonds, O···O distances are in the 2.704(3)−2.875(3) Å range. 
The water molecules connect the 2−D structure into a 3−D structure (Fig. 2.2.1.3−7). 
In the crystal structure of 1c there are additional weak interactions C−H···O, with 
d(C···O) = 3.367(4) Å. 
It is interesting to point out that all the available hydrogen bond donors and acceptors 
are engaged in a fully hydrogen−bonded supramolecular structure.  
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Figure 2.2.1.3−7. Three−dimensional structure of 1c. Projection along [010] 
direction. 
 
The hydrogen bond parameters are presented in Table 2.2.1.3−1. 
Table 2.2.1.3−1 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
N2−H20···O1a 0.86 1.82 2.624(3) 155 
N3−H30···O10b 0.94 1.85 2.762(3) 164 
N3−H31···O7b 0.83 2.26 2.981(3) 146 
N3−H31···O8b 0.83 2.55 3.104(3) 125 
N4−H40···O4c 0.82 2.17 2.898(3) 148 
N4−H41···O8c 0.92 1.85 2.761(3) 172 
N5−H50···O7b 0.88 2.02 2.872(3) 161 
N5−H51···O2a 0.87 1.91 2.773(3) 171 
N7−H70···O3d 0.91 1.73 2.612(3) 162 
N8−H80···O4d 0.87 1.95 2.809(3) 168 
N8−H81···O5c 0.82 1.97 2.779(3) 171 
N9−H90···O6e 0.95 1.90 2.789(3) 155 
N9−H91···O2f 0.93 2.04 2.903(3) 154 
N10−H100···O9f 0.86 1.87 2.732(3) 171 
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N10−H101···O6c 0.80 2.17 2.871(3) 147 
O9−H109···O7c 0.84 1.87 2.704(3) 169 
O10−H110···O1 0.90 1.99 2.875(3) 170 
O9−H209···O3 0.91 1.95 2.811(3) 159 
O10−H210···O5g 0.91 1.83 2.730(3) 175 
C9−H9A···O5c 0.98 2.50 3.367(4) 147 
C9−H9C···N4 intra 0.98 2.45 2.793(3) 100 
C10−H10C···N2 intra 0.98 2.38 2.788(4) 104 
C14−H14A···N7 intra 0.98 2.42 2.785(3) 102 
The letters refer to the following symmetry operations: a = −x,−1/2+y,1−z; b = 
x,−1+y,z; c = 1−x,−1/2+y,1−z; d = −1+x,−1+y,z; e = x,−1+y,1+z; f = 1−x,−1/2+y,2−z; 
g= 1−x,1/2+y,1−z. 
2.2.1.4. Monohydrogen−(N, N−dimethylbiguanidinium)−hemisquarate hydrate, 
(C4H12N5)(C4O4)0.5(OH2) , 1d 
This compound crystallizes in the space group P−1. Asymmetric unit contains one 
half of squarate dianion 1/2[SQ]2−, which lies on centre of inversion, one 
monoprotonated biguanide [DMB]+ and one water molecule (Fig. 2.2.1.4−1). In the 
[DMB]+ cation, the two guanidinium groups are non−planar. The two halves of the 
biguanide residue make a dihedral angle of 60.96(10)°. Torsion angle 
C4−N5−C3−N4 is  −117.44(15)°.  
 
Figure 2.2.1.4−1. Asymmetric unit of 1d. 
The equivalence of the C−N bond lengths in [DMB]+ cation suggests some degree of 
delocalization of π−electron density through these fragments (Table 2.2.1.4−1). 
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Table 2.2.1.4−1 
The C−O distances in the dianion are similar, in the range of 1.2506(17) – 1.2538(17) 
Å. The crystal structure of this compound is stabilized by intermolecular hydrogen 
bonds. The supramolecular structure of 1d is characterised by N−H···O and Ow−H···O 
hydrogen bonds. Predominant bonds are N−H···O between the [DMB]+ and [SQ]2−. 
The average N···O and H···O distances are in the range of 2.811(2)−3.208(2) Å and 
1.94−2.38 Å respectively. In the crystal structure, each independent molecular adduct 
is linked by multiple hydrogen bonds to form a three−dimensional framework. The 
hydrogen−bonding scheme involves all available hydrogen−bond donor and acceptor 
sites. There is one intramolecular interaction in the biguanide molecule, d(C···N) = 
2.756(2) Å, which gives rise to a S11(5) motif (Fig. 2.2.1.4−2). 
 
Figure 2.2.1.4−2. Intramolecular interactions whitin the cation. 
The intermolecular motifs are finite (R or D) or infinite (C).  
In the asymmetric unit, there are only two hydrogen bonds, one between the 
squarate molecule and the water molecule and the other between the squarate 
molecule and biguanide molecule. There is an intramolecular interaction in the 
Distance (Å) 
C3−N1 1.3276(18) C3−N2 1.3450(18) 
C6−N1 1.4555(19) C4−N3 1.3269(19) 
C5−N1 1.4553(19) C3−N4 1.3433(18) 
C4−N2 1.3447(18) C4−N5 1.3318(19) 
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biguanide molecule, d(C···N) = 2.756(2) Å. In addition to the hydrogen bonds within 
the asymmetric unit, there are further distinct interactions, which link the asymmetric 
unit with its neighbours.  
Each biguanide molecule is connected via hydrogen bonds to three squarate 
molecules and three water molecules to give rise to D11(2) R33(13), R33(11), R22(11) 
and R44(18) motifs (Fig. 2.2.1.4−3). In the biguanide molecule, a nitrogen atom, 
namely N2 accepts a hydrogen bond from a water molecule. 
A squarate molecule is connected to six biguanide and two water molecules (half of 
these are connected to the half−squarate molecule within the asymmetric unit and 
half to its symmetry equivalent) to give rise to R33(11), R22(11), R33(13), D11(2). The 
water molecule acts as donor (with N2 and O2) as well as acceptor of hydrogen 
bonds (the H atoms from N3 and N5). Thus, the water molecule is connected with 
three [DMB]+ cations and one squarate anion. 
 
 
Figure 2.2.1.4−3. Hydrogen bonds motifs in 1d. 
A squarate molecule is connected with two water molecules to give rise to zig−zag 
C22(11) chains propagated along to a−axis. The chains are running parallel along the 
c−axis (Fig. 2.2.1.4−4). 
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Figure 2.2.1.4−4. Water−squarate chains in 1d.  
Two adjacent water−squarate chains are connected by two biguanide molecules 
through a O−H···N hydrogen bond (d(O···N) = 2.8490(18) Å), N−H···O hydrogen 
bonds (d(N···O) = 2.9017(17) Å and 3.208(2) Å) and through O−H···O hydrogen bond 
(d(O···O) = 2.7445(18) Å) to form a R86(28) ring (Fig. 2.2.1.4−5). The main interaction 
in the a direction is one O−H···O hydrogen bond, d(O···O) = 2.7445(18) Å. 
 
Figure 2.2.1.4−5. Hydrogen bonds R86(28) motifs in the crystal structure of 1d. 
Two adjacent rings are connected in the b direction (Fig. 2.2.1.4−6) through N−H···O 
hydrogen bonds (N···O distances in the 2.811(2)−3.208(2) Å range). 
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Figure 2.2.1.4−6. Connected R86(28) rings in the crystal structure of 1d. 
The resulting three−dimensional network is presented in Fig. 2.2.1.4−7. 
 
Figure 2.2.1.4−7. Three−dimensional structure of 1d. 
The hydrogen bond parameters are presented in Table 2.2.1.4−2. 
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Table 2.2.1.4−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O3−H3A ···O2 1.04 1.73 2.7445(18) 164 
O3−H3B ···N2a 1.07 1.81 2.8490(18) 162 
N3−H30 ···O3b 0.91 1.94 2.811(2) 158 
N3−H31···O1c 0.89 2.10 2.9017(17) 149 
N4−H40 ···O1b 0.93 2.03 2.9442(19) 167 
N4−H41···O1d 0.95 2.10 2.9769(18) 152 
N5−H50···O2 0.87 2.01 2.877(2) 172 
N5−H51···O3c 0.89 2.38 3.208(2) 154 
C5−H5C···N2 intra 0.98 2.38 2.756(2) 102 
The letters refer to the following symmetry operations: a = 1−x,1−y,1−z; b = x,1+y,z; c 
= −x,1−y,1−z; d = −x,1−y,−z 
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2.2.1.5. Results and discussion 
The compounds 1a-1d were obtained from [DMB] and [SQH2] at different values of 
pH as shown in the following scheme: 
 
Some conclusions can be drawn regarding these compounds: 
 The biguanide structure is non−planar, the two guanidinium groups form a dihedral 
angle in the range of 34.11(4) – 60.96(10)°. 
 The equivalence of the carbon−nitrogen bond lengths in the [DMB] cations 
suggests some degree of delocalization of π−electron density through these 
fragments. The carbon−nitrogen bond lengths are in the range of 1.3269(19) - 
1.3450(18) Å in [DMB]+ and 1.303(3) - 1.380(4) Å in [DMB]2+. 
 In very strong acidic media (compound 1a) only [SQH]− is present together with 
[DMB]2+. In the other compounds (obtained at pH > 2) the squarate is fully 
deprotonated. Among the three squaric acid species {[SQH2], [SQH]−, [SQ]2−}, the 
aromatic dianion, [SQ]2− would be expected to have nearly equally long C−O 
distances, while the parent acid would have two short C−O distances due to 
carbonyl groups and two longer C−O single bonds. The [SQH]− monoanion should 
exhibit a combination of these distances. Accordingly [SQH]− should have one long 
C−O bond (corresponding to a single C−O bond), two intermediate C−O bonds 
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(due to C−O resonating double bond) and one short C−O bond (C−O double 
bond). The bond lengths within squarate molecules in the compounds described 
here confirm this assertion. 
 A number of intra− and intermolecular hydrogen bonds stabilize the crystal 
structure of these compounds. Hydrogen bonds are formed mainly i) between the 
biguanidinium group and the squarate anions; ii) between the biguanidinum 
groups and the water molecules; iii) between the squarate anions and water 
molecules.  
 All nitrogen atoms in these biguanides act as donors of hydrogen bonds, except 
N2 in 1d, which accepts a hydrogen bond from a water molecule. 
 The N, N−dimethylbiguanidium cation exhibits a common characteristic: strong 
double hydrogen bonds are formed between oxygen atoms of the squarate anions 
and hydrogen atoms from the terminal nitrogen atoms (N3 and N5) from the 
biguanide cations to give rise to R22(9) (for compound 1a−1c) and R33(11) (for 
compound 1d, where a water molecule is interposed between an oxygen atom 
from squarate and a nitrogen atom from biguanide). The Donor···Acceptor 
distances are 2.8265(6) Å and 2.8273(6) Å in 1a; 2.760(3) Å and 2.794(3) Å in 1b; 
2.779(3) Å, 2.872(3) Å, 2.871(3) Å and 3.104(3) Å in 1c; 2.9017(17) Å and 
3.208(2) Å in 1d. 
 The crystal structures are characterized by a large number of hydrogen bonds: in 
compounds 1a and 1b there are all kind of hydrogen bonds, namely N−H···O, 
N−H···N, O−H···O bonds, and in 1c and 1d there are N−H···O and O−H···O bonds. 
In the crystal structure of the compound 1a there are O−H···O hydrogen bonds 
between squarate molecules (because it contains monohydrogen squarate which 
can act as donor as well as acceptor of hydrogen bonds); the O–H···O hydrogen 
bonds are remarkably short and presumably strong, d1(O···O) = 2.4428(6) Å; 
d2(O···O) = 2.5717(5) Å. 
 Although realized as early as 1962 that an activated C−H group as present in 
some heterocyclic bases tends to interact with oxygen atoms in the same way as 
an O−H or N−H group and the short (<3.4 Å) C···O contacts observed in the 
crystals of these molecules were interpreted as C−H···O hydrogen bonds, it was 
not until 1982 that the existence of C−H···O hydrogen bonds in organic molecules 
was convincingly demonstrated and C−H···O bonds started gaining acceptance as 
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a stabilizing force when adjusted within the framework of stronger forces such as 
N−H···O, O−H···O hydrogen bonds and donor−acceptance interactions10. Because 
of the presence of a high ratio of hydrogen bond acceptors to hydrogen bond 
donors squaric acid anions would, in general, show a strong tendency to form also 
C−H···O bonds with acidic C−H groups (from methyl groups) wherever the 
situation permits.  
 The compound 1a is anhydrous, all the other compounds contain one or two water 
molecules. The water molecules act as donors as well as acceptors of hydrogen 
bonds.  
 The packing coefficient in these structures is in the range of 73.5% (1a), 72.2% 
(1b), 69.6% (1c), 72.9% (1d).  
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2.2.2. Crystal structures of Phenylbiguanide squarates 
Portalone et al.31 have described the structure of phenylbiguanide hydrochloride. In 
the phenylbiguanide structure the guanidinium planes form a dihedral angle of 
51.9(3)°. Nevertheless, the equivalence of C−N bond lengths suggests some degree 
of delocalization of π−electron density through this fragment (Fig. 2.2.2). The 
biguanidinium group is rotated with respect to the phenyl ring by the rotation angle τ 
= 52.4(5)° (the angle τ is defined as: τ = ω1+ ω2 ± π/2, the torsion angles ω1 and  ω2 
being C6−C1−N1−C7 and C2−C1−N1−C7, in agreement with the corresponding 
angle in phenylbiguanide (59.0(6)°)32. 
 
Figure 2.2.2. Phenylbiguanide  
In this chapter the compounds 2a−2b will be described; they were obtained as 
following: 
 
2.2.2.1. 
(monohydrogen−N−phenylbiguanidinium)−(N−phenylbiguanidinium)−(hydrogen
squarate)−squarate solvate, (C8H12N5)(C8H13N5)(C4HO4)(C4O4)(C2H6O)0.5, 2a 
This compound crystallizes in the space group P21/n. The asymmetric unit consists of 
one squarate monoanions [SQH]−, one squarate dianion [SQ]2−, one monoprotonated 
biguanide [PhB]+, one diprotonated biguanide, [PhB]2+ and also half of an ethanol 
molecule (Fig. 2.2.2.1−1). Protonation occurs at the imino groups as a result of the 
proton−transfer process from the acidic hydroxyl groups of [SQH2]. In the biguanide 
 40 
molecules, the two guanidinium groups are non−planar. The dihedral angles between 
the two halves of the biguanide residue are 51.44(13)° in [PhB]+ and 54.11(13)° in 
[PhB]2+. The biguanidinium groups are rotated with respect to the phenyl rings by the 
rotation angles τ1 = 21.25(3)°, τ2 = 30.25(3)°. The dihedral angle between the phenyl 
rings in the asymmetric unit is 50.48(13)°. 
 
Figure 2.2.2.1−1. The asymmetric unit of 2a. 
The equivalence of the C−N bond lengths suggests some degree of delocalization of 
π−electron density through these fragments. The C−N bonds of the biguanidinium 
moiety range from 1.302(3) to 1.366(3) Å for [PhB]2+, different than 1.311(3) to 
1.346(3) Å for [PhB]+ (Table 2.2.2.1−1). 
Table 2.2.2.1−1 
Distance (Å) 
C14−N1 1.424(3) C22−N6 1.424(3) 
C15−N1 1.341(3) C23−N6 1.322(3) 
C15−N2 1.311(3) C23−N7 1.366(3) 
C16−N2 1.344(3) C24−N7 1.358(3) 
C16−N3 1.328(3) C24−N8 1.312(3) 
C15−N4 1.346(3) C23−N9 1.302(3) 
C16−N5 1.333(3) C24−N10 1.316(3) 
In this compound there are both monohydrogen squarate and squarate dianion. In 
the aromatic dianion [SQ]2−, the C−O distances are nearly equal long, while in the 
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[SQH]− monoanion there are one long C−O bond (corresponding to the single C−O 
bond), two intermediate C−O bonds (due to C−O resonating double bond, in the 
COO− moiety) and one short C−O bond (C−O double bond). In the anion [SQH]−, the 
C−C bond lengths at the carbon atom carrying the hydroxyl group are shorter than 
the remaining two C−C bond lengths of the ring and C−C−C angles deviate 
significantly from 90°, while in squarate dianion, [SQ]2− the C−C distances are nearly 
equal long (Table 2.2.2.1−2). 
Table 2.2.2.1−2 
Distance (Å) 
C1−C2 1.435(4) C1−O1 1.245(3) 
C1−C4 1.469(3) C2−O2 1.282(3) 
C2−C3 1.449(4) C3−O3 1.251(3) 
C3−C4 1.456(4) C4−O4 1.246(3) 
C5−C6 1.419(4) C5−O5 1.303(3) 
C5−C8 1.435(3) C6−O6 1.256(3) 
C6−C7 1.472(3) C7−O7 1.237(3) 
C7−C8 1.473(4) C8−O8 1.246(3) 
 
Angle (°) 
C1−C2−C3          92.3(2) C5−C6−C7 89.05(19) 
C2−C3−C4     88.47(19) C6−C7−C8 89.45(18) 
C3−C4−C1 90.65(19) C7−C8−C5 88.37(19) 
C4−C1−C2 88.6(2) C8−C5−C6 93.1(2) 
In the asymmetric unit, [SQH]− and [SQ]2− form a dihedral angle of 18.73(19)°. 
A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. In the crystal structure, the hydrogen−bonding scheme is rather 
complex and involves all available hydrogen−bond donor/acceptor sites. In total, the 
supramolecular structure of 2a is characterised by a large number of hydrogen 
bonds, namely N−H···O, N−H···N and O−H···O bonds. Compound 2a crystallizes with 
Z’ = 0.5. In the crystal structure, each independent molecular adduct is linked by 
multiple hydrogen bonds to form a two−dimensional framework. As mentioned 
previously, in the superadduct, there are both monoprotonated and diprotonated 
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cations as a result of the incorporation of hydrogen atoms from the squarate 
molecules. Due to disorder present in ethanol molecule, it is more convenient to 
describe the structure without it. 
There are two intramolecular interactions in phenylbiguanide monocation, N−H···N 
(d(N···N)= 3.000(3) Å) and C−H···N (d(C···N) = 2.890(3) Å), which give rise to S11(6) 
motifs (Fig. 2.2.2.1−2). In the asymmetric unit, there are five interactions, one 
between the two squarate anions, d(O···O)= 2.498(3) Å and four between biguanides 
cations and squarate anions, N···O distances in the 2.846(3) Å to 3.008(2) Å range, 
which give rise to R22(11), R33(11) and D11(2) motifs. [SQH]− is coordinated to both 
monoprotonated and diprotonated biguanide molecules in the asymmetric unit. 
 
Figure 2.2.2.1−2. Intramolecular (S) and intermolecular (R) motifs in the crystal 
structure of 2a. 
There are short head−to−tail interactions between the squarate molecules (d(O···O) = 
2.498(3) Å) along the b−axis.  
In addition to the hydrogen bonds within the asymmetric unit there are further distinct 
interactions, which link the asymmetric unit with its neighbours. The intermolecular 
motifs are finite (R or D) or infinite (C).  
Both monoprotonated and diprotonated biguanides form by terminal nitrogen atoms 
strong double hydrogen bonds with the oxygen atoms of the squarate anions to give 
rise to R22(9) motifs. [PhB]+ is coordinated to five squarate molecules to give rise to 
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R22(9), R33(11), R22(11) and D11(2) motifs. [PhB]2+ is connected to five squarate 
molecules and form R22(9), R22(11), R23(11) and D11(2) motifs (Fig. 2.2.2.1−3).  
 
Figure 2.2.2.1−3. Hydrogen bonds motifs in the crystal structure of 2a. 
[SQ]2− is coordinated to five biguanide molecules through R22(9), R22(11), R33(11) and 
D11(2) motifs. [SQH]− is coordinated to five biguanide molecules through R22(9), 
R22(11), R23(11) and D11(2) motifs.  
Along the b axis the squarate molecules are associated through short O−H···O 
hydrogen bonds (d(O···O) = 2.498(3) Å). The dimers are running along the a and c 
axes (Fig. 2.2.2.1−4). 
 
Figure 2.2.2.1−4. Squarate dimers – {[C4O4]2−[C4HO4]−} 
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Such dimers are further connected in the bc plane with 6 biguanide cations through 
N−H···O hydrogen bonds, d(N···O) in the range of 2.705(2)−2.978(3) Å. As a result, 
the dimer {[C4O4]2−[C4HO4]−} acts as a template for the formation of the surrounding 
R612(42) rings (Fig. 2.2.2.1−5). Through these interactions, a sheet of rings is formed.  
 
Figure 2.2.2.1−5. Part of the crystal structure of 2a showing the {[C4O4]2−[C4HO4]−} 
unit within one of the R612(42) rings. Phenyl substituents omitted for clarity  
The sheets are running inclined with respect to a and c–axes. The distance between 
adjacent sheets in a direction is d(N···O) = 3.008(2) Å (Fig. 2.2.2.1−6).  
 
Figure 2.2.2.1−6. Projection along [010] direction of 2a 
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Thus, a two−dimensional framework is obtained (Fig. 2.2.2.1−7). 
 
Figure 2.2.2.1−7. Two−dimensional structure of 2a. Projection along [010]. 
Full details of the hydrogen bonding geometry are given in Table 2.2.2.1−3. 
 
Table 2.2.2.1−3 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O5−H5···O2 0.99 1.53 2.498(3) 165 
N1−H10N···O3 0.87 2.00 2.846(3) 162 
O30−H30···O2a 0.84 2.26 2.855(6) 128 
N3−H31···O4b 0.88 2.02 2.877(3) 165 
N3−H32···O8c 0.90 2.06 2.943(2) 169 
N4−H40···O5 0.86 2.21 2.976(3) 148 
N4−H40···O1d 0.86 2.57 2.921(3) 105' 
N4−H41···N5 intra 0.94 2.45 3.000(3) 117 
N5−H50···O1b 0.95 1.96 2.892(3) 164 
N5−H51···O6 0.96 2.03 2.936(3) 159 
N6−H60···O2e 0.91 1.81 2.707(3) 165 
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N7−H70···O4d 0.91 1.85 2.705(2) 156 
N8−H80···O7f 0.87 1.93 2.775(3) 163 
N8−H81···O3d 0.90 1.92 2.808(2) 168 
N9−H90···O7 0.86 2.21 3.008(2) 155 
N9−H90B···O8e 0.87 1.92 2.746(3) 157 
N10−H100···O1e 0.94 2.10 2.978(3) 155 
N10−H101···O6f 1.00 1.83 2.831(3) 174 
C13−H13···N2 intra 0.95 2.32 2.890(3) 118 
The letters refer to the following symmetry operations: a = 1−x,1−y,−z; b = x,1+y,z; c 
= −1/2+x,3/2−y,−1/2+z; d = 3/2−x,1/2+y,−1/2−z; e = 2−x,1−y,−z; f = 2−x,2−y,−z;  
 
2.2.2.2. Bis−(monohydrogen−N−phenylbiguanidinium)−squarate, 
(C8H12N5)2(C4O4), 2b 
This compound crystallizes in the space group P−1. The asymmetric unit consists of 
one squarate dianion [SQ]2− and two monoprotonated biguanides [PhB]+ (Fig. 
2.2.2.2−1). In the [PhB]+ cations, the two biguanidinium groups are also non−planar. 
The dihedral angles between the two halves of the biguanide residue are 58.14(11)° 
and 53.44(11)°. The biguanidinium groups are slightly rotated with respect to the 
phenyl rings by the angles τ1 = 8.75(3)°, τ2 = 2.9(3)°.  
 
Figure 2.2.2.2−1. The asymmetric unit of 2b. 
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The C−N distances in the [PhB]+ cations are in the range of 1.317(2) – 1.347(2) Å. 
The equivalence of these bond lengths suggests some degree of delocalization of 
π−electron density through these fragments. The C−O distances in the dianion are in 
the range of 1.248(2) – 1.261(2) Å.  
In the crystal structure, each independent molecular adduct is linked by multiple 
hydrogen bonds to form a two−dimensional framework. There are three 
intramolecular interactions in biguanide molecules, d(N···N)= 3.012(2) Å and d(C···N) 
= 2.924(3) and 3.082(3) Å, which give rise to S11(6) motifs (Fig. 2.2.2.2−2). 
 
Figure 2.2.2.2−2. Intramolecular (S) interactions in cations. 
In the asymmetric unit, there are three interactions between the squarate anion and 
the biguanide cation, where N−O distances range from 2.767(2) Å to 3.152(2) Å, 
which give rise to R22(11) and R12(6) motifs.  
In addition to the hydrogen bonds within the asymmetric unit, there are further distinct 
interactions, which link the asymmetric unit with its neighbours. The intermolecular 
motifs are finite (R or D) or infinite (C). Each biguanide molecule is connected via 
hydrogen bonds to three squarate dianion [SQ]2− and to another biguanide cation to 
give rise to R22(9), R22(11), R22(8) and R33(16) motifs. The biguanide molecules are 
connected two−by−two along the b−axis through N−H···N hydrogen bonds, 2.918(2) 
Å and 3.021(2) Å to give rise to the R22(8) ring (Fig. 2.2.2.2−3). 
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Figure 2.2.2.2−3. Hydrogen bond motifs in the crystal structure of 2b.  
The squarate dianion is coordinated to six biguanide cations to give rise to R22(9), 
R22(11), and R33(16) motifs. Along the a direction the squarate dianion coordinates 
two biguanide molecules in a µ−1,3 bis−monodentate fashion to give rise to a R33(16) 
motif (Fig. 2.2.2.2−4). In R22(9) and R22(11) rings, the squarate is coordinated in 
µ−1,2 bis−monodentate fashion. 
 
Figure 2.2.2.2−4. Biguanide dimers connected in the a direction by the squarate 
dianion in a µ−1,3 bis−monodentate fashion. 
Along the a direction a sheet of R48(28) rings is formed (Fig. 2.2.2.2−5). These rings 
are formed by the squarate molecule and four biguanide molecules through N−H···O 
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hydrogen bonds, N···O distances in the range of 2.767(2)− 2.971(2) Å. In the b 
direction, the biguanide molecules are dimerized through N−H···N hydrogen bonds 
with d(N···O) 2.918(2) Å and 3.021(2) Å, which give rise to R22(8) rings.  
 
Figure 2.2.2.2−5. The hydrogen−bonded ionic assembly of 2b. Each anion is 
connected with four cations to give rise to R48(28) rings in the ab−plane. Phenyl 
substituents omitted for clarity. 
Two adjacent sheets are connected in the c direction through N−H···O hydrogen 
bonds, N···O distances in the range of 2.956(2) and 2.971(2) Å. In this way a layer is 
formed. The layers are running parallel along the c−axis (Fig. 2.2.2.2−6). 
  
Figure 2.2.2.2−6. Infinite layers formed by R48(28) motifs. Projection along [100] 
direction. 
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Full details of the hydrogen bonding geometry are given in Table 2.2.2.2−1: 
Table 2.2.2.2−1 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
N3−H130···O1a 0.95 2.11 2.953(2) 148 
N3−H131···O3b 0.91 2.02 2.913(2) 164 
N4−H140···O1c 0.93 2.09 2.956(2) 154 
N4−H141···O4a 0.93 1.91 2.790(2) 157 
N5−H150···O4b 0.89 1.97 2.836(2) 166 
N5−H151···N7d 0.93 2.00 2.918(2) 169 
N6−H160···O2 0.91 1.90 2.767(2) 159 
N8−H180···O1e 0.90 1.97 2.859(2) 174 
N8−H181···O3 0.94 2.05 2.971(2) 166 
N8−H181···N6 intra 0.94 2.58 3.012(2) 108' 
N9−H190···O3f 1.01 1.99 2.971(2) 164 
N10−H200···N2d 0.94 2.09 3.021(2) 171 
N10−H201···O2e 0.94 1.88 2.807(2) 169 
C9−H9···N2 intra 0.95 2.34 2.924(3) 119 
C17−H17···N7 intra 0.95 2.57 3.082(3) 114 
The letters refer to the following symmetry operations: a = −x,1−y,1−z; b = 
1−x,1−y,1−z; c = x,y,−1+z; d = 1−x,2−y,1−z; e = 1+x,y,z; f = 1−x,2−y,2−z 
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2.2.2.3. Results and discussion 
Starting from [PhB] and [SQH2] the compounds 2a and 2b were obtained at different 
values of pH as shown in the following scheme: 
 
There are some similarities and also differences between the compounds 2a and 2b: 
 The biguanide structure is not planar, the two guanidinium group form a dihedral 
angle in the range of 51.44(13) – 58.14(11)°, which are closed with angles formed 
by the guanidinium groups in phenylbiguanide hydrochloride (51.9(3)°)31. 
 The carbon−nitrogen bond lengths are in the range of 1.311(3) - 1.347(2) Å in 
[PhB]+ and 1.302(3) - 1.366(3) Å in [PhB]2+. The equivalence of these bond 
lengths suggests a degree of delocalization of π−electron density through these 
fragments.  
 In acidic media there are both monohydrogen−squarate and squarate dianion 
species, while in basic media the squarate is fully deprotonated. This is confirmed 
by the bond lengths and angles in squarates: carbon−oxygen bond lengths are in 
the range of 1.245(3)-1.282(3) Å in [SQ]2- and 1.237(3)-1.303(3) Å in [SQH]-. The 
longest is the C−OH bond length in [SQH]- (1.303(3) Å). 
  A number of intra− and intermolecular hydrogen bonds stabilize the crystal 
structure of each compound. These hydrogen bonds form mainly between the 
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biguanidinium group and the squarate anions, between the biguanidinum groups 
as well as between the squarate anions. The [PhB] cations exhibit a common 
characteristic: strong double hydrogen bonds are formed between oxygen atoms 
of the squarate anions and terminal nitrogen atoms from the biguanide cations to 
give rise to R22(9). 
 The crystal structures are characterized by a large number of hydrogen bonds: in 
acidic media all kind of hydrogen bonds are present, namely: N−H···O, N−H···N, 
O−H···O and C−H···N bonds; in basic media there are N−H···O, N−H···N and 
C−H···N bonds. In the crystal structure of 2a the {[C4O4]2−[C4HO4]−} squarate 
dimers are formed through a very short O−H···O hydrogen bond; d(O···O) = 
2.498(3) Å .  
  In the crystal structure of 2b, two N–H···N hydrogen bonds connect two 
centrosymmetrically related cations forming a dimer through well known R22(8) 
supramolecular synthon24. 
 The packing coefficients in these structures are 69.6% (2a) and 70.9% (2b).  
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2.2.3. Crystal structure of ortho−tolylbiguanide squarates 
Ortho−tolylbiguanide (Fig. 2.2.3) 
 
Figure 2.2.3. Ortho−tolylbiguanide 
A CSD33 database search shows that, up to date there is no entry for N-o-
tolylbiguanide from a total number of entries in the database of 436384. 
In this chapter the compounds 3a−3d will be described; these compounds were 
obtained as shown in the scheme: 
 
 
2.2.3.1 ortho-tolylbiguanidinium squarate, (C9H15N5)(C4O4)(OH2), 3a 
This compound crystallizes in the space group P21/c. The squarate dianions [SQ]2− 
lie on centres of inversion and the asymmetric unit consists of two halves of these 
ions together with one diprotonated biguanides [TolB]2+ and one water molecule lying 
in general position (Fig. 2.2.3.1−1). Protonation occurs at the imino groups as a 
result of the proton−transfer process from the acidic hydroxyl groups of [SQH2]. In the 
[TolB]2+ cation, the guanidinium groups are non−planar. The two halves of the 
biguanide residue make a dihedral angle of 55.15(10)°. The biguanidinium group is 
rotated with respect to the tolyl ring by the rotation angle τ = 66.4(2)°. The two halves 
of squarate molecule form a dihedral angle of 71.12(14)°. 
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Figure 2.2.3.1−1. The asymmetric unit of 3a. 
The equivalence of the C−N bond lengths suggests some degree of delocalization of 
π−electron density through these fragments (Table 2.2.3.1−1). 
Table 2.2.3.1−1 
Distance (Å) 
N1−C12 1.372(2) N3−C12 1.307(2) 
N1−C13 1.377(2) N4−C13 1.311(2) 
N2−C5 1.436(2) N5−C13 1.311(2) 
N2−C12 1.315(2)   
The C−O distances in the [SQ]2− cation are in the range of 1.254(2) – 1.2643(19) Å. 
A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. In the crystal structure, the hydrogen−bonding scheme is rather 
complex and involves all available hydrogen−bond donor/acceptor sites. In total, the 
supramolecular structure of 3a is characterized by several hydrogen bonds, namely 
N−H···O, N−H···N and O−H···O bonds. In the crystal structure, each independent 
molecular adduct is linked by multiple hydrogen bonds to form a two-dimensional 
framework. The cation and anions act as donor and acceptors, respectively, of 
hydrogen bonds. 
There is one intramolecular interaction in biguanide molecule, d(N···N)= 2.950(2) Å, 
which gives rise to a S11(6) motif. In the asymmetric unit there is one intermolecular 
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interaction between biguanide cation and one squarate anion, which form R22(9) 
motif (Fig. 2.2.3.1−2). 
 
Figure 2.2.3.1−2. Intramolecular and intermolecular interactions within the 
asymmetric unit. 
In addition to the hydrogen bonds within the asymmetric unit, there are further distinct 
interactions, which link the asymmetric unit with its neighbours. The intermolecular 
motifs are finite (R or D) or infinite (C).  
A squarate molecule is connected to four biguanide molecules and four water 
molecules (two biguanide molecules and two water molecules for half squarate 
molecule with asymmetric unit and its equivalents) through R21(7), D11(2), R33(13) 
motifs and the other squarate molecule is connected with four biguanide cations (two 
for half squarate molecule with asymmetric unit and its equivalents) through R22(9) 
and D11(2) motifs. Biguanide cation is connected via hydrogen bonds to four squarate 
dianion [SQ]2− and two water molecules to give rise to R64(23) and D11(2) motifs (Fig. 
2.2.3.1−3).  
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Figure 2.2.3.1−3. Hydrogen bonds motifs in the crystal structure of 3a. 
The water molecule participates in four hydrogen bonds in an approximately 
tetrahedral array (Fig. 2.2.3.1−4) connecting two biguanide cations (acts as an 
acceptor of hydrogen bonds (d(N···O)= 2.7099(19) Å and 2.9040(18) Å) and two 
anions (acts as a donor of hydrogen bonds (d(O···O)= 2.7846(17) Å and 2.8056(18) 
Å). 
 
Figure 2.2.3.1−4. The water molecule participates in four hydrogen bonds in an 
approximately tetrahedral array 
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As mentioned previously, one half of a squarate molecule is connected with two 
biguanide molecules and two water molecules. The anions are linked by two water 
molecules (O···O 2.7846(17) Å and 2.8056(18) Å) and form an infinite chain along the 
a−axis, containing R22(8) motifs (Fig. 2.2.3.1−5).  
 
Figure 2.2.3.1−5. Infinite chain of water−squarate along the a direction. 
The chains are running parallel along the c−axis (Fig. 2.2.3.1−6a).  
  
a b 
Figure 2.2.3.1−6. a) Water−squarate chains running parallel along c−axis; b) The 
packing of the squarate anions in the crystal structure of 3a. 
To each of these chains the biguanide molecules are connected (four biguanide 
molecules per squarate molecule) through N−H···O hydrogen bonds (N···O distances 
in the range of 2.7369(19)−2.9040(18) Å) to give rise to R68(24) rings with respect to 
the ab−axes (Fig. 2.2.3.1−7).  
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Figure 2.2.3.1−7. R68(24) motifs in the crystal structure of 3a. Tolyl substituents 
omitted for clarity. 
Further, in the c direction, these chains are connected to the second squarate 
molecule through N−H···O hydrogen bonds (N···O distances are 2.7099(19) and 
2.891(2) Å). A R46(24) ring is formed by the (second) squarate molecule and its 
neighbours (four biguanide molecules and two water molecules). These rings are 
extended with respect to the b and c axes (Fig. 2.2.3.1−8). 
 
Figure 2.2.3.1−8. R46(24) hydrogen bonds motifs in the crystal structure of 3a. Tolyl 
substituents omitted for clarity. 
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In the ab plane these chains of rings are connected through N−H···O hydrogen bonds 
(N···O distances are in the range of 2.6407(18) − 2.8864(19) Å), which give rise to 
R66(26) motifs (Fig. 2.2.3.1-9). 
 
Figure 2.2.3.1−9. R46(24) hydrogen bonds motifs in the crystal structure of 3a. 
Tolyl substituents omitted for clarity. 
The structure is extended through O−H···O and N−H···O hydrogen bonds to give rise 
to a two-dimensional framework (Fig. 2.2.3.1-10).  
 
Figure 2.2.3.1−9. Two-dimensional structure of 3a. Projection along [100] direction. 
Tolyl substituents omitted for clarity. 
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Full details of the hydrogen bonding geometry are given in Table 2.2.3.1−2. 
Table 2.2.3.1−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O5−H5···O1a 0.86 1.93 2.7846(17) 175 
O5−H5A···O1b 0.96 1.88 2.8056(18) 159 
N1−H110···O3 0.92 1.74 2.6407(18) 163 
N2−H120···O5c 0.93 1.83 2.7099(19) 155 
N3−H130···O2d 0.93 2.17 2.813(2) 125 
N3−H131···N5 intra 0.91 2.61 2.950(2) 103 
N3−H131···O1d 0.91 1.86 2.7360(19) 160 
N4−H140···O2e 0.96 1.89 2.846(2) 170 
N4−H141···O4 0.91 1.98 2.8864(19) 174 
N5−H150···O4f 0.88 2.02 2.891(2) 170 
N5−H151···O5g 0.95 2.10 2.9040(18) 142 
C8−H8···O3h 0.93 2.51 3.365(2) 153 
The letters refer to the following symmetry operations: a = 1−x,1/2+y,1/2−z; b = 
−1+x,1/2−y,−1/2+z; c = 1−x,−1/2+y,1/2−z; d = x,1/2−y,−1/2+z; e = 1+x,1/2−y,−1/2+z; 
f = x,1/2−y,1/2+z; g = 1+x,y,z; h = −1+x,y,z. 
2.2.3.2. (Monohydrogen−o−tolylbiguanidinium)−(o−tolylbiguanidinium) 
−(hydrogensquarate)−squarate, (C9H14N5)(C9H15N5)(C4HO4)(C4O4), 3b 
This compound crystallizes in the space group P21/c. The asymmetric unit consists of 
one monohydrogen squarate – [SQH]−, one squarate dianion–[SQ]2−, one 
monoprotonated biguanide–[TolB]+ and one diprotonated biguanides –[TolB]2+ (Fig. 
2.2.3.2−1). Protonation occurs at the imino groups as a result of the proton−transfer 
process from the acidic hydroxyl groups of [SQH2]. In the [TolB] cations, the 
guanidinium groups are non−planar. The two halves of each biguanide residue make 
a dihedral angle of 61.29(12)° in [TolB]+ and 66.65(11)° in [TolB]2+. The 
biguanidinium groups are rotated with respect to the tolyl rings by rotation angles τ1 = 
40.85(3)°, τ2 = 62.45(3)°. The squarate molecules form a dihedral angle of 33.34(5)°. 
The tolyl rings within the asymmetric unit are almost parallel, they form a dihedral 
angle of 5.74(12)°. 
 61 
 
Figure 2.2.3.2−1. The asymmetric unit of 3b. 
The equivalence of the C−N bond lengths suggests some degree of delocalization of 
π−electron density through these fragments (Table 2.2.3.2−1). 
Table 2.2.3.2−1 
Distance (Å) 
  N1−C16 1.362(3) N6−C25 1.321(3) 
  N1−C9 1.417(3) N6−C18 1.425(3) 
  N2−C16 1.316(2) N7−C26 1.365(2) 
  N2−C17 1.343(2) N7−C25 1.388(2) 
  N3−C17 1.325(3) N8−C26 1.312(2) 
  N4−C16 1.326(2) N9−C25 1.300(3) 
  N5−C17 1.321(3) N10−C26 1.310(2) 
The C−O distances are in the range of 1.234(2) – 1.305(2) Å in [SQH]−, and 1.246(2) 
– 1.255(2) Å in [SQ]2−.  
A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. In the crystal structure the hydrogen-bonding scheme is rather 
complex and involves all available hydrogen bond donor/acceptor sites. In total, the 
supramolecular structure of 3b is characterized by several hydrogen bonds, namely 
N−H···O and O−H···O bonds. In the crystal structure, each independent molecular 
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adduct is linked by multiple hydrogen bonds to form a two-dimensional framework. 
The cations and anions act as donors and acceptors, respectively, of hydrogen 
bonds. 
There is one intramolecular interaction in the diprotonated biguanide (d(C···N)= 
2.876(4) Å), which give rise to a S11(5) motif (Fig. 2.2.3.2−2).  
 
Figure 2.2.3.2−2. Intramolecular interaction in the diprotonated biguanide cation. 
In the asymmetric unit there are five intermolecular interactions between cations and 
anions, which form D11(2) and R22(9) motifs (Fig. 2.2.3.2−3). 
 
Figure 2.2.3.2−3. Intermolecular interaction within the asymmetric unit of 3b. 
In addition to the hydrogen bonds within the asymmetric unit, there are further distinct 
interactions, which link the asymmetric unit with its neighbours.  
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Monohydrogen squarate – [SQH]− is connected to five biguanides (two [TolB]+ and 
three [TolB]2+) and a squarate dianion − [SQ]2− through D11(2), R22(9), R22(11), 
R23(11) and R33(11) motifs (Fig. 2.2.3.2−4). [SQH]− acts as a donor (to [SQ]2−) as well 
as an acceptor of hydrogen bonds (from biguanide molecules). 
 
Figure 2.2.3.2−4.  Hydrogen bonds motifs in the crystal structure of 3b. 
[SQ]2− is connected via hydrogen bonds to five biguanide molecules (two [TolB]2+ and 
three [TolB]+) and with one [SQH]− to give rise to D11(2), R22(9), R22(11) and R33(11) 
motifs. The diprotonated biguanide is connected to five squarate molecules through 
hydrogen bonds which give rise to D11(2), R22(9), R22(11), R23(11). The 
monoprotonated biguanide is connected to five squarate molecules through 
hydrogen bonds which give rise to D11(2), R22(9), R22(11), R33(11) (Fig. 2.2.3.2−5). 
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Figure 2.2.3.2−5. Hydrogen bonds motifs in the crystal structure of 3b. 
There are short head−to−tail interactions between the squarate molecules (d(O···O) = 
2.5079(18) Å) in the b direction (monoanions and dianions are connected 
two−by−two via hydrogen bonds). The dimer {[C4O4]2−[C4HO4]−} acts as a template 
for the formation of the surrounding R612(42) rings (Fig. 2.2.3.2−6).  
 
Figure 2.2.3.2−6. Part of the crystal structure of 3b showing the {[C4O4]2−[C4HO4]−} 
unit within one of the R612(42) rings. Tolyl substituents omitted for clarity. 
 65 
Thus, the structure can be described as infinite sheets along the bc−axes, built 
through O−H···O and N−H···O hydrogen bonds with d(N···O) in the range of 2.741(2) 
− 3.096(2) Å and d(O···O)=2.5079(18) Å. Along the a−axis the sheets are connected 
through N−H···O interactions, d(N···O)=2.877(2) and 2.969(2) Å (Fig. 2.2.3.2−7).  
 
 
Figure 2.2.3.2−7. The sheets are connected along the a direction through N−H···O 
interactions, d(N···O) = 2.877(2) and 2.969(2) Å. Tolyl substituents omitted for 
clarity.  
These two-dimensional layers are running parallel along the a direction. Two 
adjacent layers are also connected along the a direction through very weak hydrogen 
bonds, C13−H13···O6 (3.180(3) Å) and C21−H21···N10 (3.588(3) Å) (Fig. 2.2.3.2−8). 
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Figure 2.2.3.2−8. Adjacent two-dimensional layers are connected along the a 
direction through very weak hydrogen bonds, d(C···O) = 3.180(3) Å and d(C···N)= 
3.588(3) Å.  
There is also evidence for π − π interactions (Cg(1)···Cg(2a)=3.776 Å) as shown in 
Fig. 2.2.3.2−9 (C(18)···Cg(1b)=3.6863 Å and C(19)···Cg(1b)=3.7560 Å; 
C9···Cg(2c)=3.6624 Å, C10···Cg(2c)=3.6815 Å). The letters refer to the following 
symmetry operations: a = −x,−1/2+y,1/2−z; b = −x,1/2+y,1/2−z; c = −x,−1/2+y,1/2−z. 
 
Figure 2.2.3.2−9. π − π stacking between tolyl groups in the crystal structure of 3b. 
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Full details of the hydrogen bonding geometry are given in Table 2.2.3.2−2. 
Table 2.2.3.2−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O1−H1 ···O6a 0.95 1.56 2.5079(18) 173 
N1−H10 ···O1a 0.92 2.31 3.129(2) 149 
N3−H30 ···O5 0.80 2.10 2.883(2) 167 
N3−H30A ···O2a  0.90 2.01 2.876(2) 160 
N4−H40 ···O5a 0.80 2.19 2.969(2) 164 
N4−H40A ···O7b  0.91 1.95 2.818(2) 159 
N5−H50···O4c 0.90 2.20 3.056(2) 157 
N5−H50A···O8 0.90 2.01 2.905(2) 173 
N6−H60 ···O6d  0.90 1.96 2.826(2) 159 
N7−H70 ···O8 0.89 1.92 2.741(2) 152 
N8−H80 ···O2e 0.90 1.91 2.807(2) 176 
N8−H80A ···O5d  0.83 2.06 2.849(2) 159 
N9−H90 ···O4c  0.90 1.98 2.786(2) 148 
N9−H90 ···O6d  0.90 2.53 3.096(2) 121 
N9−H90A ···O3 0.89 2.01 2.877(2) 163 
N10−H100 ···O3e  0.92 1.93 2.838(2) 173 
N10−H101 ···O7  0.86 1.94 2.795(2) 168 
C15−H15B ···O2a  0.98 2.44 3.392(3) 164 
C24−H24A ···N6 intra 0.98 2.53 2.876(4) 100 
The letters refer to the following symmetry operations: a = 1−x,1/2+y,1/2−z; b = 
x,1+y,z; c = 1−x,2−y,1−z; d = x,3/2−y,1/2+z; e = 1−x,1−y,1−z. 
2.2.3.3. o−tolylbiguanidinium−squarate hydrate, (C9H15N5)(C4O4)(OH2), 3c 
This compound crystallizes in the space group P−1. The asymmetric unit consists of 
two squarate dianions – [SQ]2−, two halves of squarate dianions, which lie on centres 
of inversion, three diprotonated biguanides – [TolB]2+ and three water molecules (Fig. 
2.2.3.3−1). Protonation occurs at the imino groups as a result of the proton−transfer 
process from the acidic hydroxyl groups of [SQH2]. In the [TolB] cations, the 
guanidine groups are non−planar. The two halves of each biguanide residues make a 
dihedral angle of 52.13(14)°, 55.76(15)° and 43.22(14)°. The biguanidinium groups 
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are rotated with respect to the tolyl rings by rotation angles τ1 = 50.45(3)°, τ2 = 
62.55(3)° and τ3 = 62.3(3)°.  
 
Figure 2.2.3.3−1. The asymmetric unit of 3c. 
The equivalence of the C−N bond lengths in biguanide molecules suggests some 
degree of delocalization of π−electron density through these fragments (Table 
2.2.3.3−1). 
Table 2.2.3.3−1 
Distance (Å) 
N1−C19 1.430(3) N8−C30 1.295(3) 
N1−C20 1.318(3) N9−C29 1.302(3) 
N2−C20 1.371(3) N10−C30 1.309(3) 
N2−C21 1.374(3) N11−C37 1.426(3) 
N3−C21 1.317(3) N11−C38 1.319(3) 
N4−C20 1.302(3) N12−C38 1.377(3) 
N5−C21 1.303(3) N12−C39 1.362(3) 
N6−C28 1.434(3) N13−C39 1.304(3) 
N6−C29 1.321(3) N14−C38 1.299(3) 
N7−C29 1.372(3) N15−C39 1.306(3) 
N7−C30 1.374(3)   
In the aromatic dianions, SQ2−, the C−O distances are nearly equal long (in the range 
of 1.239(3) – 1.260(3) Å), and the angles almost 90°. 
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A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. In the crystal structure the hydrogen-bonding scheme is rather 
complex and involves all available hydrogen−bond donor/acceptor sites. In total, the 
supramolecular structure of 3c is characterised by N−H···O, O−H···O, N−H···N 
hydrogen bonds. There are three independent molecules in the asymmetric unit of 
the compound 3c. In the crystal structure, each independent molecular adduct is 
linked by multiple hydrogen bonds to form a three−dimensional framework. The 
cations and anions act as donors and acceptors, respectively, of hydrogen bonds. 
There are four intramolecular interaction in the cations: d(N···N) = 2.942(3) Å and 
2.955(3) Å and d(C···N) = 2.877(3) Å which give rise to S11(6) and S11(5) motifs (Fig. 
2.2.3.3−2). 
 
Figure 2.2.3.3−2. Intramolecular interactions in the cations. 
In the asymmetric unit there are ten intermolecular interactions between the cations 
and anions which form D11(2), R22(9) and R21(7) motifs (Fig. 2.2.3.3−3). 
 
Figure 2.2.3.3−3. Hydrogen bonds motifs within the asymmetric unit. 
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In addition to the hydrogen bonds within the asymmetric unit, there are further distinct 
interactions, which link the asymmetric unit with its neighbours. In the crystal 
structure, the hydrogen−bonding scheme is complex and involves all available 
hydrogen−bond donor/acceptor sites. 
A diprotonated biguanide is connected with five squarate molecules and one water 
molecule through hydrogen bonds, which give rise to D11(2), R22(9) and R12(7) motifs 
(Fig. 2.2.3.3−4). 
 
Figure 2.2.3.3−4. Hydrogen bonds motifs in the crystal structure of 3c. 
Another dication is connected to four anions and two water molecule and form D11(2), 
R22(9), R33(11), R21(7) and R64(23) motifs (Fig. 2.2.3.3−5). 
 
Figure 2.2.3.3−5. Hydrogen bond motifs in the crystal structure of 3c. 
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The third dication is connected via hydrogen bonds to four dianions and one water 
molecule. They give rise to D11(2), R22(9), R12(6), R22(11) and R21(7) motifs (Fig. 
2.2.3.3−6). 
 
Figure 2.2.3.3−6. Hydrogen bonds motifs in the crystal structure of 3c. 
Water molecules accept hydrogen bonds from cations (N···O distances in the range 
of 2.650(3)− 3.065(3) Å) and donate hydrogen bonds to anions (O···O distances in 
the range of 2.755(2)−2.891(2) Å).  
The compund 3c has in the asymmetric unit two squarate dianions and two halves of 
squarate anions. 
 
Figure 2.2.3.3−7. The packing of the squarate anions in the crystal structure of 3c. 
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Out of the four crystallographically distinct squarate dianion units, one of the [SQ]2− 
units are connected by the water molecules through O−H···O hydrogen bonding 
(d(O···O) = 2.833(2) Å and 2.891(2) Å) to form an infinite chain along the a−axis (Fig. 
2.2.3.3−7). In the b and c directions this chain is connected with biguanide molecules 
through N−H···O hydrogen−bonds, N···O distances in the range of 2.718(3) − 
2.871(2) Å to give rise to R43(18) motifs (Fig. 2.2.3.3−8). These rings form a layer in 
the ac plane. This layer is further connected in the b direction to the second squarate 
molecule through N−H···O hydrogen bonds, d(N···O) = 2.691(3) and 2.752(3) Å.  
 
Figure 2.2.3.3−8. R43(18) hydrogen bonds motifs in the crystal structure of 3c. 
Each of the second [SQ]2− units is connected by a water molecule to give rise to 
R21(7) motif. These rings are also parallel along the a−axis. They are further 
connected to biguanide cations in bc plane through N−H···O hydrogen−bonds, with 
N···O distances in the range of 2.749(3)−2.805(3) Å to give rise to R45(19) motifs 
(Fig. 2.2.3.3−9).  
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Figure 2.2.3.3−9. R45(19) hydrogen bonds motifs in the crystal structure of 3c. 
The next two species are two halves of squarate dianion, which are lying on centres 
of inversion. One of these halves also form an infinite chain (formed by C21(8) motifs) 
along the a−axis, by connecting a water molecule through O−H···O 
hydrogen−bonding (d(O···O) = 2.824(2) Å). In the bc plane this chain is further 
connected to biguanide molecules through N−H···O hydrogen bonds, with d(N···O) = 
2.749(3) Å, 2.756(3) Å and 2.994(3) Å to give rise to a R43(18).  
The last half of squarate dianion does not participate in O−H···O hydrogen bonding. 
In the bc plane, first chain is connected with R21(7) motifs (generated by the second 
squarate dianion units) by N−H···O hydrogen bonds with N···O distances in the 
2.691(3)−2.856(3) Å range. These motifs are also connected with the second chain 
through short N−H···O hydrogen bonds with N···O distances in the range of 
2.656(3)−2.762(3) Å. 
The two chains are connected in the bc plane through N−H···O hydrogen bonds, 
namely N11−H111···O13, d(N···O)= 2.777(3) Å. The last half of squarate molecule is 
connected with the first chain through N−H···O hydrogen bonds, d(N···O)= 2.650(3) Å 
and 2.786(3) Å (give rise to R22(11) motifs); with the second chain and with the motifs 
through N−H···O hydrogen bonds, d(N···O)= 2.837(3) Å. Thus, a three-dimensional 
framework is obtained (Fig. 2.2.3.3−10). 
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Figure 2.2.3.3−10. Three−dimensional structure of 3c. View along [100] direction. 
Tolyl substituents omitted for clarity. 
There is also evidence for π − π interactions [Cg(1)···Cg(1a) = 3.454 Å] as shown in 
Fig. 2.2.3.3−11 (C(16)···Cg(1a) = 3.3353 Å and C(17)···Cg(1a) = 3.4226 Å; 
O3···Cg(2b) = 3.5442 Å, N13···Cg(3c) = 3.4373 Å). 
The letters refer to the following symmetry operations: a = 1−x,1−y,−z; b = x,1+y,z: c 
= −1+x,y,z 
 
Figure 2.2.3.3−11. π − π stacking between tolyl groups in the crystal structure of 3c. 
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Full details of the hydrogen bonding geometry are given in Table 2.2.3.3−2. 
Table 2.2.3.3−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O13−H13O···O5 0.91  1.92 2.824(2) 170 
O14−H14O···O8 0.95  2.00 2.859(2) 149 
O15−H15O···O3a  0.83 2.01 2.833(2) 171 
O13−H23O···O5b 0.93 1.92 2.826(2) 164 
O14−H24O···O9   0.96 1.84 2.755(2) 158 
O15−H25O···O1c 0.94 1.96 2.891(2) 176 
N1−H101···O9d  0.93 1.84 2.752(3) 168 
N2−H102···O10d  0.92 1.77 2.691(3) 177 
N3−H103···O3  0.94 2.14 3.005(3) 154 
N4−H104···O1e  0.91 2.04 2.794(2) 139 
N5−H105···O2f 0.89 1.99 2.823(3) 156 
N6−H106···O15  0.85 2.08 2.809(3) 143 
N7−H107···O8 0.88 1.79 2.656(3) 167 
N8−H108···O6 0.92 1.89 2.756(3) 157 
N9−H109···O6g 0.89 2.11 2.805(3) 134 
N10−H110···O13h 0.94 2.29 2.994(3) 132 
N11−H111···O11i 0.96 2.51 3.065(3) 117 
N11−H111···O13 0.96 1.93 2.777(3) 146 
N12−H112···O11i 0.91 1.75 2.650(3) 173 
N13−H113···O4d  0.88 2.06 2.822(3) 145 
N14−H114···O4 0.89 2.13 2.840(3) 136 
N15−H115···O10d  0.88 2.01 2.856(3) 160 
N15−H115···N14 intra 0.88 2.54 2.955(3) 110 
N3−H203···O1d 0.91 2.01 2.804(3) 144 
N4−H204···O2e 0.99 1.98 2.871(2) 149 
N5−H205···O14j  0.91 1.86 2.768(3) 172 
N8−H208···O7 0.94 1.82 2.762(3) 177 
N9—H209···O5g 0.96 1.82 2.749(3) 163 
N9—H209···N10 intra 0.96  2.62 2.942(3) 100 
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N10−H210···O12 0.85  1.99 2.837(3) 174 
N13−H213···O12i 0.89  1.89 2.786(3) 178 
N14−H214···O3 0.89  1.88 2.718(3) 156 
N14−H214···N15 intra 0.89  2.57 2.955(3) 107 
N15−H215···O4d 0.90  2.19 2.952(3) 142 
C31−H31B···N11 intra 0.98  2.41 2.877(3) 108 
C31−H31C···O6h 0.98  2.56 3.336(3) 136 
The letters refer to the following symmetry operations: a = −1+x,−1+y,z; b = 
2−x,1−y,1−z; c = x,−1+y,z; d =1+x,y,z; e = 1−x,2−y,−z; f = 2−x,2−y,−z; g = −1+x,y,z; 
h = 1−x,1−y,1−z; i= 1+x,1+y,z; j = 1−x,1−y,−z. 
2.2.3.4. Monohydrogen−(o−tolylbiguanidinium)−hemisquarate, 
(C9H14N5)(C4O4)0.5, 3d 
This compound crystallizes in the space group P21/n. The asymmetric unit consists of 
one half of squarate dianions – [SQ]2− which lies on inversion centre and one 
monoprotonated biguanides – [TolB]+ in general position (Fig. 2.2.3.4−1). Protonation 
occurs at the imino groups as a result of the proton−transfer process from the acidic 
hydroxyl groups of [SQH2]. In the [TolB] cation, the guanidine groups are near planar. 
The two halves of the biguanide residue make a dihedral angle of 7.11(7)°. The 
biguanidinium group is rotated with respect to the tolyl ring by the rotation angle τ = 
74.57(13)°.  
 
Figure 2.2.3.4−1. The asymmetric unit of 3d. 
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The equivalence of the C−N bond lengths in biguanide molecules suggests some 
degree of delocalization of π−electron density through these fragments (Table 
2.2.3.4−1). 
Table 2.2.3.4−1 
Distance (Å) 
  N1−C9 1.4155(15)   N3−C11 1.3234(15) 
  N1−C10 1.2768(14)   N4−C11 1.3122(15) 
  N2−C10 1.3954(14)   N5−C10 1.3513(15) 
  N2−C11 1.3569(15)   
In the aromatic dianion, [SQ]2−, the C−O distances are nearly equal long (in the range 
of 1.2520(13) – 1.2581(13) Å), and the angles almost 90°. 
A number of intra− and intermolecular hydrogen bonds stabilize the crystal structure 
of this compound. The supramolecular structure of 3d is characterized by N−H···O 
and N−H···N hydrogen bonds. In the crystal structure each independent molecular 
adduct is linked by multiple hydrogen bonds to form a two-dimensional framework.  
There is one intramolecular interaction in the cations, d(N···N) = 2.6536(16) Å, which 
give rise to a S11(6) motif (Fig. 2.2.3.4−2). This intramolecular interaction can be 
responsible for the near planarity of the two-guanidine groups. 
 
Figure 2.2.3.4−2. Intramolecular interaction in the cation structure. 
A squarate dianion – [SQ]2− is connected with four biguanide cations through R22(9), 
R12(6), R22(11) motifs (Fig. 2.2.3.4−3).  
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Figure 2.2.3.4−3. Hydrogen bonds motifs in the crystal structure of 3d. 
Biguanide cation is connected through N−H···O hydrogen bonds with two squarate 
molecules, N···O distances are in the range of 2.7607(15) − 2.9660(17) Å. Here, the 
hydrogen bonds motifs are R22(9), R12(6), R22(11) (Fig. 2.2.3.4−4). 
 
Figure 2.2.3.4−4. Hydrogen bonds motifs in the crystal structure of 3d. 
The squarate molecules form a R22(11) ring with biguanide cations in the ac plane 
through N−H ···O hydrogen bonds with N···O distances 2.8987(15) Å and 2.9660(17) 
Å. The rings are connected in the b direction via N−H···O hydrogen bonds, N···O 
distances 2.8614(15) and 2.8400(15) Å. In this way, a sheet of R46(20) motifs is 
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obtained (Fig. 2.2.3.4−5). The sheet is running at an angle with respect to the a and 
c − axes.  
 
 
Figure 2.2.3.4−5. R46(20) hydrogen bonds motifs in the crystal structure of 3d. Tolyl 
substituents omitted for clarity. 
Adjacent sheets are connected along the a−axis through weak C−H···O interactions 
(d(C···O) = 3.456(2) Å) (Fig. 2.2.3.4−6). 
  
a b 
Figure 2.2.3.4−6. a) Adjacent sheets connected along the a-axis through weak 
C−H···O interactions (d(C···O) = 3.456(2) Å); b) Two−dimensional framework of 3d. 
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Full details of the hydrogen bonding geometry are given in Table 2.2.3.4−2. 
Table 2.2.3.4−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
N2−H20···O1a  0.86  1.92 2.7607(15) 162 
N3−H30···O1b 0.88  2.00 2.8614(15) 164 
N3−H31···O2a 0.91  2.00 2.8987(15) 168 
N4−H40···O2c 0.91  1.94 2.8400(15) 170 
N4−H41···N1 intra 0.94  1.91 2.6536(16) 134 
N5−H50···O1a 0.86  2.23 2.9660(17) 144 
The letters refer to the following symmetry operations: a = 1/2−x,1/2+y,1/2−z; b = 
x,1+y,z; c =−x,2−y,−z. 
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2.2.3.5. Results and discussion 
The compounds 3a-3d were obtained from [TolB] and [SQH2] at different values of 
pH as shown in the following scheme: 
 
 
Some conclusions can be drawn regarding these compounds: 
 The biguanides structures are non−planar, the two guanidinium groups form a 
dihedral angle of 55.15(10)° (3a), 61.29(12)° and 66.65(11)° (in 3b), 43.22(14)°, 
52.13(14)° and 55.76(15)°(in 3c) and 7.11(7)° (in 3d). 
 The biguanidinium groups are rotated with respect to the tolyl ring by the rotation 
angle τ in the range of 40.84(3)°− 74.57(13)°. 
 The carbon−nitrogen bond lengths are in the range of 1.2768(14) - 1.3954(14) Å in 
[TolB]+ and 1.299(3) - 1.388(2) Å in [TolB]2+. The equivalence of the 
carbon−nitrogen bond lengths suggests a degree of delocalization of π−electron 
density through these fragments.  
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 In basic media, the compound 3d is obtained. Here, the structure of the [TolB]+ 
cation is almost planar (the torsion angle between the guanidinium residues is 
7.11(7)°).  The almost planarity of the molecule allows the formation of a very short 
N−H···N intramolecular interaction, d(N···N) = 2.6536(16) Å, which give rise to six-
member ring (Fig. 2.2.3.4−2). Two of the carbon−nitrogen bond lengths, which 
participate in this ring, are 1.2768(14) Å and 1.3122(15) Å (characteristic for C=N 
bonds). The other carbon−nitrogen bond lengths in the monocation are in the 
range of 1.3234(15)−1.3954(14) Å, which suggest a strong delocalization of 
π−electrons in these fragments. 
 All nitrogen atoms in these o-tolylbiguanides participate in hydrogen bonds.  
 In the crystal structure of the compound 3b, there are both 
monohydrogen−squarate and squarate dianion, while in the other compounds 3a, 
3c and 3d, the squarate is fully deprotonated. The distances and angles in 
squarates confirm this fact. The carbon−oxygen bond lengths are in the range of 
1.239(3)-1.2643(19) Å in [SQ]2- and 1.234(2)-1.305(2) Å in [SQH]-. 
 A number of intra− and intermolecular hydrogen bonds stabilize the crystal 
structure of each compound. Intramolecular S11(5) and S11(5) are observed in 
biguanide cations. 
 The [TolB] cations exhibit a common characteristic: strong double hydrogen bonds 
are formed between oxygen atoms of the squarate anions and nitrogen atoms 
from the biguanide cations to give rise to R22(9) motifs. 
 The crystal structures are characterized by a large number of hydrogen bonds: 
N−H···O, O−H···O and C−H···O bonds. In the crystal structure of the compound 3b 
the squarate−dimer {[C4O4]2−[C4HO4]−} is present. 
 The packing coefficients in these structures are 68.2% (3a), 68.1% (3b), 71.4% 
(3c) and 67.8% (3d).  
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2.2.4. Conclusions 
Hydrogen bonds, in view of their energy and directionality, are among the most 
important forces utilized by the molecules and complex ions to interact19.  
A molecule, or an atom group in a molecule, may lose or gain a proton when the 
molecule is placed in an aqueous solution. The exact probability that a molecule will 
be protonated or deprotonated depends on the pKa of the molecule and the pH of the 
solution. Protonation equilibria are pH dependent.  
In Table 2.2.4−1 are presented the compounds described in this chapter (the 
biguanide derivatives and the pH values of their solutions). 
Table 2.2.4−1 
             Biguanide  
              derivatives 
pH values  
  
< 2 1a 
2.67 1b 
2.8-4 1c 
 
2a 
 
3a 
3b, 3c 
> 7 1d 2b 3d 
 
In combination with biguanide derivatives, squaric acid has been observed to form 
2:1, 1:1 and 1:2 salts. The resulting compounds have two- and three-dimensional 
framework structures but it is possible to identify a substructure of lower 
dimensionality built from a subset of the molecular building blocks. 
As expected, basic pH leads to fully deprotonation of squarate (monoprotonated 
biguanide derivatives), whereas acidic media leads to the formation of both mono- 
and dianion squarate (mono- and diprotonated biguanides derivatives). This 
behaviour is reflected in the resulting crystal structures. 
In very strong acidic media, the O–H···O bonds are remarkably short and presumably 
strong, d1(O···O) = 2.4428(6) Å, d2(O···O) = 2.5717(5) Å (in the crystal structure of 
1a) and 2.498(3) Å (in the crystal structure of 2a). Acidic media lead to the formation 
of both [SQH]- and [SQ]2-. The [SQH]- acts as a donor as well as acceptor of 
hydrogen bonds. The resulting structures involve the participation of all available 
donors and acceptors in the O–H···O, N–H···O and C–H···O. The O–H···O bonds are 
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laying in the range 2.4428(6) < d(O···O) < 2.891(2) Å; the N–H···O bond lengths are 
laying in the range 2.612(3)-3.129(2) Å.  
In basic media only [SQ]2- is present (as an acceptor of hydrogen bonds) together 
with two monoprotonated biguanides. Only N–H···O hydrogen bonds are available 
here with N···O distances in the range of 2.7607(15) < d(N···O) < 2.9769(18) Å. In the 
crystal structure of 1d there are also one O–H···O hydrogen bond (the donor oxygen 
atom from a water molecule), d(O···O) =2.7445(18) Å and one O–H···N hydrogen 
bond d(O···N) =2.8490(18) Å.  
There are intramolecular interactions in biguanide cations, N–H···N and C–H···N, 
N···N bonds are laying in the range 2.6536(16) < d(N···N) < 3.012(2) Å; C···N 
distances are laying in the range 2.756(2) < d(C···N) < 3.082(3) Å. 
The biguanide residue is non-planar; in each cation the two halves of the biguanide 
residue are twisted with respect to one another by an angle in the range of 7.11(7)° – 
61.29(12)° in [BigH2]+ and in the range of 34.11(4)° – 66.65(11)° in [BigH3]2+. Both 
intra- and intermolecular interactions cooperate to produce an almost total π-
delocalization along the carbon−nitrogen bonds of the biguanide fragment.  
The carbon−nitrogen bond lengths are in the range of 1.2768(14) - 1.3954(14) Å in 
[BigH2]+ and 1.299(3) - 1.388(2) Å in [BigH3]2+. 
Among the two squaric acid species [SQH]−, [SQ]2− the aromatic dianion, [SQ]2− 
would be expected to have nearly equal long C−O distances, while [SQH]− should 
have one long C−O bond (corresponding to single C−O bond), two intermediate C−O 
bonds (due to C−O resonating double bond) and one short C−O bond (C−O double 
bond). The bond lengths within the squarate molecules confirm this assertion; 
carbon−oxygen bond lengths are in the range of 1.239(3)−1.282(3) Å in [SQ]2- and 
1.234(2)−1.305(2) Å in [SQH]-. (C−OH bond lengths are in the range of 
1.303(3)−1.305(2) Å; C−O resonating double bond lengths are in the range of 
1.2357(7)−1.256(3) Å; the shortest C−O bond lengths are in the range of 
1.2326(6)−1.237(3) Å). 
In the crystal structure of the compounds containing [BigH2]+ (1d; 2b; 3d), the N···O 
distances are longer than in the crystal structures containing [BigH3]2+. In the last 
ones, when only [SQ]2- is present (1c; 3a; 3c) the N···O distances are shorter than in 
the crystal structures where [SQH]- is present (2a; 1a; 3b). This is due to the fact that 
in monoprotonated biguanides (basic media) the π-delocalization along the carbon-
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nitrogen bonds of the biguanide fragment is almost total, while in diprotonated 
biguanides the π-delocalization is less pronounced (so the distances N−H are longer 
in the monoprotonated cations than in diprotonated ones) and regarding the 
monoanion and dianion, the delocalization is more pronounced in [SQ]2-, which is 
considered to be aromatic12.  
In very strong acidic media [SQH]− and [BigH3]2+ are present and the N−H···O 
hydrogen bonds are shorter than in basic media, where [SQ]2- and [BigH2]+ are 
present. Another remark is that in the crystal structure of the compounds containing 
[SQH]- the O···O distances are shorter than in the crystal structure of the compounds 
where only [SQ]2- is present.  
These remarks seem to substantiate the idea that hydrogen-bond lengths, π-
delocalization and pH are directly related. 
The increased electron delocalization observed in monoprotonated biguanides is 
correlated to the formation of strong intramolecular hydrogen bonds in these 
compounds. This is in agreement with the fact that in the monoprotonated biguanides 
the intramolecular hydrogen bonds are shorter than those present in the diprotonated 
biguanides.  
Iqbal et. al.34 have pointed out that electron delocalization in biguanide molecules can 
be understood as a function of N—N and C—N bond rotations. It was concluded that 
the observed differences in the proton affinities have no bearing on the increase in 
electron distribution upon protonation instead it is a result of the gain in the 
intramolecular hydrogen bonds. The presence of three electron-donating amino 
groups to the C(N)3 framework does not perturb the existing strong π-electron 
delocalization of guanidinium moiety, instead their effect further strengthens the 
electron delocalization by increased resonance stabilization due to the formation of 
tripentacyclic system arising from the three strong intramolecular hydrogen bonds 
upon protonation.  
The intramolecular interactions in biguanide cations are N–H···N and C–H···N, with 
N···N bonds laying in the range 2.6536(16) < d(N···N) < 3.012(2) Å; C···N bonds 
laying in the range 2.756(2) < d(C···N) < 3.082(3) Å.  
Electron density studies measure the probability of an electron to be present at a 
specific location. Such a study is of particular interest to those solids, which contain 
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remarkably short intermolecular hydrogen bonds: the expectation is that the short 
donor···acceptor distance will be reflected in a stronger bond than usual. 
Evaluation of charge-density-based properties such as atomic quadrupole moments 
serves as a direct and quantitative measure of the extent of π-electron delocalization 
and reveals consistency between theory and experiment. 
High-resolution X-ray diffraction experiments have been performed on a 
biguanidinium squarate compound, 1a, in which several O-H···O and N–H···O 
hydrogen bonds of different length and presumably strength occur in the same 
crystal structure (Fig. 2.2.4-2). A data set of high quality allowed for well-converging 
refinements including contraction parameters κ and κ' 35,36. Charge density analysis 
was performed based on multipole expansion of the electron density centred at the 
nucleus of the atom36. The nonspherical atomic electron density is given by: 
 
The Laplacian maps of the total electron density: 
 
The quality and resolution of the data allows to identify (3, -1) critical points37 as local 
features in the experimentally observed electron density Table 2.2.4−2. 
CRITICAL POINT TYPE (3, -1) of hydrogen bonds O- H···O and N- H···O: 
 
Table 2.2.4−2 
Bond d(D···A) (Å) < D- H···A(°) ρ(e/Å3) ∇2ρ(e/Å5)  
O7−H70···O2 2.4409(8) 176 0.674 1.873 
O3−H30···O6 2.5699(8) 157 0.298 5.010  
N2−H2···O8 2.7362(9) 154 0.224 3.123  
N5−H5a···O5 2.7416(9) 150 0.162 4.679  
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Laplacian of the electrondensity at ± 0.001⋅2n eÅ-5 negative values solid 
 
Figure 2.2.4-2. Deformation electrondensity ρmultipole – ρIAM at 0.1eÅ-3 excess density 
solid 
The electron density study confirms the expectations regarding the π-electron 
delocalization in both monoanion and diprotonated cations. 
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3. Design of polynuclear complexes with squaric acid as ligand 
The discovery of squaric acid [H2C4O4]3 has created new perspectives in the 
coordination chemistry, due to its suitability as ligand for tailoring heterometallic 
complexes. Squaric acid is a versatile ligand which generates a wide variety of 
coordination modes38:  
- bidentate (acting as a chelating ligand) − with s and f metals 
- monodentate, µ−1,3−bis(monodentate), µ−1,2−bis(monodentate) or 
tetrakis(monodentate)− with d metals. 
Coordination modes of squarate: 
O O
OO
M
 
η4 chelation 
O O
OO
M
M
 
   µ−1,2−bis(monodentate) 
O O
OO
M
M  
µ−1,3−bis(monodentate) 
O O
OO
M
M
M
M
 
tetrakis(monodentate) 
Due to its planar tetradentate morphology the ligand squarate is able to associate 
different cations of d and/or f block elements for the construction of heterodimetallic 
systems where the two metal centres, if paramagnetic, can interact with each other 
through the bridging squaric moiety in a ferromagnetic or antiferromagnetic way. The 
major inconvenience of the synthesis of heterometallic systems is represented by the 
formation of insoluble squarate polymers interlinked by hydrogen bonding39. To 
control the polymerisation process and make possible the isolation of species of 
 89 
desired nuclearity, the polydentate ligands as blocking groups are used. Most of 
them are N−polydentate ligands with delocalised systems: 2,2’−bipyridine, 
2,2’−bipyrimidine, 1,10−phenanthroline, 2,2’:6’,2”−terpyridine, N,N’−ethylene 
bis(salicylideneaminato)7,40-42. On the one hand, these features allow the nuclearity 
tailoring of desired polynuclear compounds and on the other hand the tuning of the 
magnetic properties of such squarate−bridged complexes. The structure of N−donor 
ligand (e.g. bipy, phen, terpy, bipym), the planarity and its extended conjugation that 
can generate π− stacking interactions plays an important role in the self− assembly 
process. 
3.1. Building-blocks strategy in the design of dinuclear squarate complexes  
3.1.1. The design of the phenanthroline based-building blocks 
 
Scheme 3.1.1. Design of the phenanthroline building blocks 
3.1.1.1 Diaqua−bis(1,10−phenanthroline)manganese(II)bis(perchlorate) benzene 
solvate, [Mn(OH2)2(phen)2](ClO4)2·C6H6  (1-Mn) 
The complex crystallizes in the centrosymmetric space group P21/c. The asymmetric 
unit contains one Mn(OH2)2(phen)22+ cation, two perchlorate anions and a benzene 
molecule, the solvent of crystallization43. The MnII ion in the complex molecule adopts 
a distorted octahedral geometry, defined by four N atoms of the two phen ligands and 
two O atoms of the water molecules (Fig. 3.1.1.1−1). 
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Figure 3.1.1.1−1: Displacement ellipsoid plots (30% probability)44 of 
[Mn(OH2)2(phen)2](ClO4)2. The solvent molecule (benzene) has been omitted for 
clarity. The H atoms are shown with arbitrary radius. 
The Mn−N and Mn−O distances in the cation are in the ranges of 2.190(3)−2.193(3) 
Å and 2.235(3)−2.267(3) Å respectively. Selected distances and angles for 
[Mn(OH2)2(phen)2](ClO4)2 are presented in Table 3.1.1.1−1. 
Table 3.1.1.1−1 
Distances (Å) 
Mn−O9 2.190(3) Mn−N2 2.242(3) 
Mn−O10 2.193(3) Mn−N3 2.267(3) 
Mn−N1 2.259(3) Mn−N4 2.235(3) 
Angles (°) 
O9−Mn−O10 83.54(11) O10−Mn−N1 166.33(11) 
O9−Mn−N4 94.06(11) N4−Mn−N1 95.54(11) 
O10−Mn−N4 98.09(10) N2−Mn−N1 74.67(11) 
O9−Mn−N2 100.69(11) O9−Mn−N3 166.43(11) 
O10−Mn−N2 92.33(11) O10−Mn−N3 90.64(10) 
N4−Mn−N2 162.81(11) N4−Mn−N3 74.58(10) 
O9−Mn−N1 94.58(11) N2−Mn−N3 91.76(11) 
N1−Mn−N3 93.90(11)   
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The angle that is most distorted from the ideal value of 180° is N4−Mn−N2 
(162.81(11)°). The phen N2−Mn−N1 and N4−Mn−N3 chelate angles amount 
74.58(10)° and 74.67(11)° are in the expected range for a manganese complex45. 
The phen rings are nearly planar with a mean atomic deviation of 0.087(3) Å. 
The positive charge of the cation is compensated by negative charge of the [ClO4]− 
anions, which are connected to [Mn(OH2)2(phen)2]2+ ion via O−H⋅⋅⋅O hydrogen 
distances.  
In the crystal lattice anions and water molecules are linked by an extensive network 
of hydrogen bonds, thus forming one−dimensional (1 0 0) chains (Fig. 3.1.1.1−2).  
 
Figure 3.1.1.1−2. Infinite one−dimensional chain of O−H⋅⋅⋅O hydrogen bonds 
between the anions and water molecules. The solvent molecule omitted for clarity. 
Full details of the hydrogen bonding geometry are given in Table 3.1.1.1−2. 
Table 3.1.1.1−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O10−H1···O8 0.79(6) 2.03(6) 2.790(5) 165(6) 
O9−H2···O2a 0.73(7) 2.04(7) 2.765(7) 174(7) 
O10−H3···O4b 0.81(5) 2.06(5) 2.830(5) 159(5) 
O9−H4···O7c 0.87(5) 1.91(6) 2.762(5) 166(5) 
 92 
C102−H102···O5a 0.95 2.55 3.408(7) 149 
C106−H106···O4d 0.95 2.52 3.463(8) 174 
C107−H107···O8e 0.95 2.42 3.282(8) 151 
C110−H110···O7 0.95 2.55 3.333(6) 139 
C113−H113···O6 0.95 2.57 3.215(6) 126 
The letters refer to the following symmetry operations: a = 1+x,1/2−y,1/2+z; b = 
1−x,−1/2+y,1/2−z; c = 1−x,−y,1−z; d = 1−x,1−y,1−z; e = x,1/2−y,1/2+z 
3.1.1.2 
Catena−Poly[[[bis(acetonitrile)(1,10−phenanthroline−κ 2N,N’)copper(II)]−µ−perch
lorato−κ 2O:O’] perchlorate], {[Cu(CH3CN)2(phen)(ClO4)](ClO4)}n , (2-Cu) 
Crystals of {[Cu(ClO4)(phen)(CH3CN)]ClO4}n46 are pseudo−merohedral twins 
([twinning by metric merohedry according to Nespolo & Ferraris52) and belong to the 
non−centrosymmetric space group P21; the monoclinic angle is 90° within a few 
standard uncertainties. In addition to pseudo−merohedral twinning, inversion twinning 
occurs. As no partially overlapped intensities were encountered, the twin refinement 
gave very satisfactory results and the derived geometrical data have reasonably low 
standard uncertainties. The metal atom is coordinated in a distorted octahedral 
fashion, typical for Jahn–Teller systems, by four equatorial N and two axial O atoms. 
Two of the N atoms belong to the phen ligand, the others to two coordinated 
acetonitrile molecules. Two weakly bonded O atoms from a perchlorate anion and its 
symmetry equivalent complete the octahedral coordination (Fig. 3.1.1.2−1). The 
bridging perchlorate forms an infinite one−dimensional chain along the b axis.  
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Figure 3.1.1.2−1. The asymmetric unit of {[Cu(ClO4)(phen)(CH3CN)]ClO4}n 
extended to show the complete coordination of Cu. Displacement ellipsoids are 
drawn at the 50% probability level44 and H atoms are shown with arbitrary radius. 
[Symmetry code: a = x,y −1, z]. 
The second perchlorate acts as an uncoordinated counter−ion. Fig. 3.1.1.2−2 shows 
the arrangement of infinite chains in the crystal structure.  
 
Fig. 3.1.1.2−2. The arrangement of infinite chains in the crystal structure. The 
uncoordinated counter−ions omitted for clarity. 
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Selected bond lengths and angles are given in Table 3.1.1.2−1. 
Table 3.1.1.2−1 
Distances (Å) 
Cu1−N1 1.984(3) Cl1−O2 1.457(3) 
Cu1−N3 1.989(4) Cl1−O1 1.454(3) 
Cu1−N4 2.001(3) Cl1−O4 1.444(3) 
Cu1−N2 2.007(4) Cl2−O5 1.422(5) 
Cu1−O2a 2.434(3) Cl2−O6 1.424(4) 
Cu1−O1 2.446(3) Cl2−O7 1.425(5) 
O2−Cu1b 2.434(3) Cl2−O8 1.426(4) 
Cl1−O3 1.441(3)   
 
Angles (°) 
N1−Cu1−N3 94.76(13) N4−Cu1−N2 95.74(14) 
N1−Cu1−N4 178.14(19) N1−Cu1−O2a 94.64(15) 
N3−Cu1−N4 86.61(13) N3−Cu1−O2a 96.55(15) 
N1−Cu1−N2 82.88(12) N4−Cu1−O2a 86.45(16) 
N3−Cu1−N2 177.61(15) N2−Cu1−O2a 84.09(13) 
The letters refer to the following symmetry operations: a = x,y−1,z ; b = x,y+1,z. 
 
3.1.1.3. Diaqua−(1,10−phenanthroline)bis(perchlorate)copper(II), 
[Cu(OH2)2(phen)(ClO4)2], (3-Cu) 
The complex crystallizes in the centrosymmetric space group P−1. The asymmetric 
unit contains one Cu(OH2)2(phen)(ClO4)2 unit. The metal atom is coordinated in a 
distorted octahedral fashion, typical for Jahn–Teller systems, by two N and four O 
atoms. The N atoms belong to the phen ligand. Two weakly bonded O atoms from 
perchlorate anions and two O atoms from water molecules complete the octahedral 
coordination of the metal ion. (Fig. 3.1.1.3−1). 
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Figure 3.1.1.3−1. The molecular structure of the title complex, showing the 
atom−labeling scheme. Displacement ellipsoids are drawn at the 50% probability 
level44 and H atoms are represented by spheres of arbitrary radius. 
The Cu−N and Cu−O distances are in the range of 1.9753(16)−1.9936(17) Å and  
1.9594(14)−2.5482(16) Å respectively (Table 3.1.1.3−1).  
The phen rings are nearly planar with a mean atomic deviation of 0.0698(17) Å. 
Table 3.1.1.3−1 
Distances (Å) 
Cu1−N1 1.9936(17)  Cu1−O2 1.9760(13) 
Cu1−N2 1.9753(16) Cu1−O3 2.5482(16) 
Cu1−O1 1.9594(14) Cu1−O7 2.3777(14) 
Angles (°) 
O1−Cu1−N2 174.64(6) O1−Cu1−N1 96.11(6) 
O1−Cu1−O2 88.19(6) N2−Cu1−N1 83.17(7) 
N2−Cu1−O2 91.98(6) O1−Cu1−O7 90.43(6) 
O2−Cu1−N1 172.60(6) O2−Cu1−O7 84.39(5) 
N2−Cu1−O7 94.92(6) N1−Cu1−O7 101.55(6) 
In the asymmetric unit there are three intramolecular interactions with d(O···O) 
2.760(2) and 2.828(2) Å; d(C···O) = 3.054(2) Å. The positive charge of the CuII is 
compensated by negative charge of two [ClO4]− anions, which are connected to it. In 
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the crystal structure of this compound there are O−H⋅⋅⋅O hydrogen bonds between 
the perchlorate anions and water molecules. Through these interactions infinite 
one−dimensional chains are obtained along a axis. (Fig. 3.1.1.3−2). 
 
Figure 3.1.1.3−2. The O−H⋅⋅⋅O hydrogen bonds in the crystal structure of the 
compound [Cu(OH2)2(phen)(ClO4)2]. 
In the a direction two adjacent chains are stacked through offset, slipped π− π 
interactions47 between phen rings (3.547 Å) Fig. 3.1.1.3−3.  
 
Figure 3.1.1.3−3. Offset, slipped π− π stacking interactions between phen rings 
along a direction. 
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Full details of the hydrogen bonding geometry are given in Table 3.1.1.3−2. 
Table 3.1.1.3−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A (°) 
O1–H101···O9 intra 0.81 2.15 2.828(2) 141 
O1–H101···O9a 0.81 2.29 2.886(2) 131' 
O2–H102···O8b 0.84 1.91 2.753(2) 179 
O1–H110···O5 intra 0.84 1.96 2.760(2) 160 
O2–H120···O5c 0.84 1.94 2.763(2) 168 
C2–H2···O4d 0.93 2.38 3.231(3) 152 
C10–H10···O4e 0.93 2.30 3.214(3) 166 
C11–H11···O6f 0.93 2.48 3.283(3) 144 
C12–H12···O2 intra 0.93 2.58 3.054(2) 112 
C12–H12···O7g 0.93 2.56 3.328(3) 140' 
The letters refer to the following symmetry operations: a = 1−x,1−y,1−z; b = −1+x,y,z; 
c = −x,1−y,1−z; d = 1−x,1−y,−z; e = −x,2−y,−z; f = x,1+y,z; g = −x,2−y,1−z. 
 
3.1.1.4 (Acetonitrile)bis(1,10−phenanthroline)copper(II)-bis(perchlorate), 
[Cu(phen)2(CH3CN)](ClO4)2, (4-Cu) 
In the title complex, [Cu(phen)2(CH3CN)](ClO4)248 the five−coordinate CuII ion has a 
distorted square−pyramidal coordination geometry composed of five N atoms, four 
from two bidentate chelating phenanthroline ligands and one from acetonitrile. The 
complex crystallizes in the centrosymmetric space group C2/c. The N atoms of two 
phen molecules, together with the acetonitrile N atom, form distorted 
square−pyramidal geometry (Fig. 3.1.1.4−1). Both the metal atom and the 
acetonitrile ligand are situated on a crystallographic twofold rotation axis. The phen 
rings are nearly planar with a mean atomic deviation of 0.0596(18) Å. 
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Figure 3.1.1.4−1. The molecular structure of the title complex, showing the 
atom−labeling scheme. Displacement ellipsoids are drawn at the 30% probability 
level44 and H atoms are represented by spheres of arbitrary radius. Both disorder 
components are shown. 
Selective bond lengths and angles are given in Table 3.1.1.4−1. 
Table 3.1.1.4−1 
Distances (Å) 
Cu1−N1 1.983(2) Cu1−N2 2.098(2) 
Cu1−N3 2.045(3)   
Angles (°) 
N1−Cu1−N3 91.93(6) N3−Cu1−N2 124.69(6) 
N1−Cu1−N1a 176.14(12) N2a−Cu1−N2 110.62(11) 
N1−Cu1−N2a 96.23(8)   
The letters refer to the following symmetry operations: a = −x,y,−z+1/2. 
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3.1.2. Design of (2−pyridylmethyleneamino)−phenol53-building blocks 
 
Scheme 3.1.2. Design of the(2−pyridylmethyleneamino)−phenol building blocks 
3.1.2.1 Tris[4−(2−pyridylmethyleneamino)−phenol]iron(II)bis(perchlorate), 
[Fe(C12H10N2O)3](ClO4)2, (5-Fe) 
Three ligand molecules through the nitrogen atoms coordinate the central Fe atom in 
a bidentate manner49 (Fig. 3.1.2.1−1). The coordination geometry is distorted 
octahedral.  
 
Figure 3.1.2.1−1. Displacement ellipsoid plots (30% probability)44 of the cation.  
The complex crystallizes as the meridional isomer in the monoclinic centrosymmetric 
space group P21/c. The meridional isomer is associated with two different 
orientations of the bidentate ligands in a 2:1 distribution. These two different types of 
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geometry are reflected in different dihedral angles between the aromatic and 
heteroaromatic rings. For the ligands, which have the same orientation (N1···N2 and 
N3···N4 bidentate ligands) the dihedral angles are similar, 36.72 (16) and 34.21 (16)°, 
respectively, whereas for the bidentate ligand N5···N6 with different orientation the 
angle is 50.30 (17)°. The Fe(II)—N(pyridine) distances are shorter than the Fe(II)—
N(imine) bonds (see Table 3.1.2.1−1).  
Table 3.1.2.1−1 
Distances (Å) 
Fe1−N4 1.965(3) Fe1−N2 2.003(3) 
Fe1−N6 1.974(3) Fe1−N3 1.998(3) 
Fe1−N1 1.976(3) Fe1−N5 2.017(3) 
Angles (°) 
N4−Fe1−N6 173.00(12) N1−Fe1−N3 92.80(12) 
N4−Fe1−N1 89.71(12) N2−Fe1−N3 172.02(12) 
N6−Fe1−N1 96.79(13) N4−Fe1−N5 93.35(12) 
N4−Fe1−N2 93.62(12) N6−Fe1−N5 79.93(13) 
N6−Fe1−N2 89.97(12) N1−Fe1−N5 173.63(12) 
N1−Fe1−N2 81.04(12) N2−Fe1−N5 104.31(12) 
N4−Fe1−N3 81.21(12) N3−Fe1−N5 82.17(12) 
N6−Fe1−N3 95.82(12)   
In the asymmetric unit, there are three intramolecular interaction with C···N distances 
in the range of 3.053(5) –3.231(5) Å. 
Classical intermolecular O–H···O hydrogen bonds between the OH groups of the 
cation and the anions form an infinite one−dimensional chain in the c direction (Fig. 
3.1.2.1−2).  
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Figure 3.1.2.1− 2. One−dimensional chain formed through O—H···O hydrogen 
bonds between the OH groups of the cation and the anions. 
Full details of the hydrogen bonding geometry are given in Table 3.1.2.1−2. 
Table 3.1.2.1−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A (°) 
O1−H1···O7a 0.82 2.05 2.816(4) 155 
O2−H2···O4b 0.82 1.92 2.734(4) 174 
O3−H3···O9c 0.82 1.96 2.771(4) 172 
C5−H5···O2d 0.93 2.40 3.332(5) 175 
C7−H7···O5e 0.93 2.60 3.314(5) 134 
C8−H8···N5 intra 0.93 2.61 3.231(5) 125 
C12−H12···N3 intra 0.93 2.53 3.053(5)  116 
C21−H21···O8 0.93 2.58 3.220(5)  127 
C21−H21···N2 intra 0.93 2.58 3.079(4) 114' 
C24−H24···O3f 0.93 2.44 3.227(5) 142 
C31−H31···O4g 0.93 2.38 3.303(5) 172 
C33−H33···O1h 0.93 2.52 3.277(5) 139 
The letters refer to the following symmetry operations: a = 1−x,3/2+y,1/2−z; b = 
1−x,−y,−z; c = −x,1/2+y,1/2−z; d = x,3/2−y,1/2+z; e = x,1+y,z; f = −x,2−y,−z; g = 
1−x,1−y,−z; h = x,−1+y,z. 
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3.1.2.2. 
Tris[4−(2−pyridylmethyleneamino)−phenol]manganese(II)bis(perchlorate), 
[Mn(C12H10N2O)3](ClO4)2 , (6-Mn) 
The central Mn atom is coordinated by three ligand molecules through the nitrogen 
atoms in a bidentate manner50 (Fig. 3.1.2.2−1).  
 
Figure 3.1.2.2−1. The molecular structure of the title dication, showing the 
atom−labeling scheme. Displacement ellipsoids are drawn at the 30% probability 
level44 and H atoms are represented by spheres of arbitrary radius. 
 
The coordination geometry is distorted octahedral. The complex crystallizes as the 
meridional isomer in the monoclinic centrosymmetric space group P21/c. The 
meridional isomer is associated with two different orientations of the bidentate ligands 
in a 2:1 distribution (Fig. 3.1.2.2−2). These two types of geometry are reflected in 
different dihedral angles between the aromatic and heteroaromatic rings. The 
dihedral angles are 44.4(6)° (in N1···N2 bidentate ligand), 28.7(6)° (in N3···N4 
bidentate ligand) and 18.8(5)° (in N4···N5 bidentate ligand). The distances Mn(II)−N 
(pyridine) are shorter than the Mn(II)−N (imine), Table 3.1.2.2−1.  
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Table 3.1.2.2−1  
Distances, Å 
Mn1−N1 2.207(10) Mn1−N2 2.340(10) 
Mn1−N3 2.236(9) Mn1−N4 2.292(9) 
Mn1−N5 2.254(10) Mn1−N6 2.255(9) 
Angles, ° 
N1−Mn1−N3 164.4(3) N5−Mn1−N4 94.7(4) 
N1−Mn1−N5 101.1(4) N6−Mn1−N4 165.5(3) 
N3−Mn1−N5 91.7(3) N1−Mn1−N2 73.1(4) 
N1−Mn1−N6 96.6(3) N3−Mn1−N2 93.0(4) 
N3−Mn1−N6 95.2(3) N5−Mn1−N2 170.8(4) 
N5−Mn1−N6 75.5(4) N6−Mn1−N2 111.9(4) 
N1−Mn1−N4 95.9(3) N4−Mn1−N2 79.0(3) 
N3−Mn1−N4 74.1(3)   
Electroneutrality of the structure is achieved by uncoordinated perchlorate anions. 
[ClO4]− was classified as a non−coordinating anion and its very weak basicity is 
correlated to the very strong acidity of HClO4 (pK =−18)51. The perchlorate anion has 
Cl−O distances in the range of 1.419(13)−1.452(10) Å and O−Cl−O angles in the 
range of 104.7(7)−114.7(8)°.  
In the mononuclear Mn(II)−complex there are two intermolecular O−H...O hydrogen 
bonds between the hydroxyl groups of the cation and the counter−anions (d(O···O) = 
2.791(12) Å and 2.771(12) Å, Table 3.1.2.2−2). 
Table 3.1.2.2−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A (°) 
O1−H1···O8a 0.98 2.13 2.791(12) 124 
O2−H2···O5b 0.98 1.90 2.771(12) 146 
The letters refer to the following symmetry operations: a = −x,1/2+y,1/2−z; b = 
x,1/2−y,1/2+z. 
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Figure 3.1.2.2−2. View of the asymmetric unit along the c axis. H−bonds included. 
 
[Mn(C12H10N2O)3](ClO4)2 and [Fe(C12H10N2O)3](ClO4)2 are isomorphous but the first 
one is a mononuclear complex, while in the iron (II) complex, the intermolecular O—
H···O hydrogen bonds between the OH groups of the cation and the anions form an 
infinite one−dimensional chain in the c direction. In first case, the perchlorate acts as 
a counteranion, while in the second complex, one perchlorate anion acts as a 
counteranion and the second one acts as a bridge between two cations. 
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3.1.3. Design of dinuclear squarate complex,  
dicopper(II)-(µ−1,2−squarato)-tetra(1,10-phenanthroline)-bisperchlorate-
solvate, {[Cu2(phen)4(C4O4)](ClO4)2}2 solvate, (7-Cu) 
This complex was obtained by using the building block strategy as shown in the 
Scheme 3.1.3. 
 
Scheme 3.1.3. Synthetic route of obtaining {[Cu2(phen)4(C4O4)](ClO4)2}2 
The structure comprises two asymmetric squarato − O1, O2 − bridged copper(II) 
binuclear units of the formula [Cu2(phen)4(C4O4)]2+ , coordinated perchlorate ions 
and also the solvent of crystallization (the solvent of crystallization consists in 2.7 
water molecules and 0.1 ethanol molecule / [Cu2(phen)4(C4O4)]2+ cation). The 
crystallographically independent copper atoms of the [Cu2(phen)4(C4O4)]2+ cations 
have distorted square pyramidal coordination geometries with one squarate oxygen 
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(Cu−O distances in the range of 1.971(3)− 1.997(3) Å) and three nitrogen atoms in 
equatorial plane and the fourth nitrogen atom in the axial position (Fig. 3.1.3−1).  
 
Figure 3.1.3−1. The [Cu2(phen)4(C4O4)]2+ cations in the asymmetric unit. H atoms 
omitted for clarity. 
Selected distances are presented in Table 3.1.3−1. 
Table 3.1.3−1 
Distances, Å 
Cu1−O1 1.973(3) Cu3−O6 1.974(3) 
Cu1−N1 2.030(4) Cu3−N9 1.998(4) 
Cu1−N2 1.990(4) Cu3−N10 2.172(4) 
Cu1−N3 2.206(4) Cu3−N11 2.011(4) 
Cu1−N4 2.017(4) Cu3−N12 2.029(4) 
Cu2−O2 2.001(3) Cu4−O5 1.982(3) 
Cu2−N5 2.178(3) Cu4−N13 2.037(4) 
Cu2−N6 1.987(4) Cu4−N14 1.981(4) 
Cu2−N7 2.057(4) Cu4−N15 2.187(4) 
Cu2−N8 2.007(4) Cu4−N16 2.003(4) 
Although the hydrogen atoms of the water molecules could not be located, the values 
of the O···O distances less than 3 Å show that the water molecules and one oxygen 
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atom from squarate molecule and oxygen atoms from perchlorate anions form an 
extensive network of hydrogen bonds.  
Distances, Å 
O26 –O29b 2.734(9) O27’-O29 2.661(15) 
O26-O25 2.761(9) O29-O11 2.901(6) 
O26’-O29 2.83(4) O31-O24c 2.696(9) 
O26’-O25b 2.83(3) O31-O12c 2.823(10) 
O27-O30 2.725(11) O32-O7d 2.780(11) 
O27-O29 2.745(9)   
The letters refer to the following symmetry operations: b =1-x,1-y,1-z; c = -x,1-y,-z; d 
= -x,1-y,1-z. 
The squarate group coordinates the copper(II) atoms in a µ−1,2−bis(monodentate) 
mode. The C−O bonds involving the coordinated oxygen atoms (in the range of 
1.267(5)-1.276(5) Å) are significantly longer than the other C−O bonds (in the range of 
1.226(5)-1.237(5) Å). The phen rings are nearly planar with a mean atomic deviation of 
maximum 0.087(5) Å. 
The dihedral angle between the two phen ligands bound to a metal atom are 40(11)° 
and 59(7)° (at Cu1; Cu2) and 35(9)° and 59(14)° (at Cu3; Cu4). The intradimer 
Cu1−Cu2 and Cu3−Cu4 distances across the µ−1,2−bis(monodentate) −squarate 
bridges are 4.9142(8) and 4.9012(8) Å. These distances are in agreement with the 
Cu−Cu distance reported for the complex [Cu2(phen)4(C4O4)](CF3SO3)2 (4.912(2)Å)40. 
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3.2. Design of coordination complexes that self-assemble into two-dimensional 
supramolecular networks 
 
Scheme 3.2. Synthetic route for obtaining homo- and heteropolynuclear squarate 
complexes 
3.2.1. catena(µ2-Squarato-O,O’)-(bis(dimethylsulfoxide-O)-diaqua-M(II)), 
[MII(C4O4)(C2H6SO)2(OH2)2]n, where MII = Co, Mn, ‘Co+Mn’, (8-Co, 9-Mn, 10-
Co+Mn) 
The complexes, [MII(C4O4)(C2H6SO)2(OH2)2], where MII = Co, Mn and the disordered 
‘Co+Mn’ co-crystal are isomorphous crystallizing in the centrosymmetric space group 
P21/c. In the asymmetric unit there are two metal cations on inversion centres. Each 
of the metal cations is coordinated to one symmetrically independent squarate 
molecule, one symmetrically independent water molecule and one symmetrically 
dimethylsulfoxide molecule. (Fig. 3.2.1−1). The metal ions have distorted octahedral 
coordination geometry composed of six O atoms (two O atoms from water molecules; 
two O atoms from dimethylsulfoxide and two O atoms from squarate dianion). 
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Figure 3.2.1−1. The asymmetric unit of [MII(C4O4)(C2H6SO)2(OH2)2], where MII = 
Mn, Co, ‘Co +Mn’. Displacement ellipsoids are drawn at the 50% probability level44 
and H atoms are represented by spheres of arbitrary radius. 
A comparison of the M−O bond lengths in all three complex ions is given in Table 
3.2.1−1. 
Table 3.2.1−1 
M−O (Co), Å (Mn), Å (Co+Mn), Å 
M−O1 2.0968(13) 2.1797(13) 2.1370(11) 
M−O2 2.1315(12) 2.1885(13) 2.1559(10) 
M−O4 2.0517(12) 2.1571(13) 2.0981(11) 
M−O5 2.0999(13) 2.1871(14) 2.1379(11) 
M−O6 2.0928(13) 2.1462(13) 2.1164(10) 
M−O8 2.0650(13) 2.1750(13) 2.1110(11) 
A Jahn−Teller distortion is exhibited for CoII, which is expressed as an elongation of 
the M−O2 and M−O5 distances. The MnII complex is less distorted than the CoII 
complex. In the heterodinuclear squarate the M−O bond lengths are in between the 
Co−O and Mn−O distances.  
Packing in these solids is dominated by hydrogen bonding between the water 
molecules (donors of hydrogen bonds) and squarate dianions (acceptors of hydrogen 
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bonds). Classical intermolecular O–H···O hydrogen bonds between the OH groups of 
the water and the anions form an infinite one−dimensional chain in the bc plane Fig. 
3.2.1−2. 
 
Figure 3.2.1−2. Infinite one−dimensional water−squarate chain. [(CH3)2S] groups of 
dimethylsulfoxide substituents omitted for clarity. 
Full details of the hydrogen bonding geometry are given in Table 3.2.1−2. 
Table 3.2.1−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A (°) 
Co 0.85 1.88 2.7182(18) 171 
Mn 0.86 1.86 2.7165(19) 170 
O4−H4A···O3a 
Co+Mn 0.85 1.87 2.7197(15) 171 
Co 0.89 1.86 2.7102(18) 158 
Mn 0.90 1.88 2.7339(19) 157 
O4−H4A···O3b 
Co+Mn 0.90  1.87 2.7200(15) 158 
Co 0.85 1.80  2.6336(18) 166 
Mn 0.87 1.82 2.6613(19) 165 
O8−H8A···O7c 
Co+Mn 0.86  1.81 2.6478(14) 165 
Co 0.87 1.85  2.712(2) 169 
Mn 0.89 1.83 2.710(2) 169 
O8−H8A···O7d 
Co+Mn 0.88        1.84 2.7092(16) 169 
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Co 0.98  2.44 3.296(3) 145 
Mn 0.98  2.48 3.322(3) 144 
C1−H1B···O5e 
Co+Mn 0.98  2.46 3.306(2) 145 
Co 0.98  2.37 3.278(3) 153 
Mn 0.98  2.40 3.318(3) 155 
C5−H5A···O1 
Co+Mn 0.98  2.39 3.296(2) 154 
The letters refer to the following symmetry operations: a = −x,−1/2+y,1/2−z; b = 
x,−1+y,z; c = x,1+y,z; d = 1−x,1/2+y,1/2−z; e = x,1/2−y,−1/2+z. 
The chains are running parallel along a direction (Fig. 3.2.1.−3).  
 
Figure 3.2.1−3. Infinite one−dimensional water−squarate chains are running parallel 
along a axis. [(CH3)2S] groups of dimethylsulfoxide substituents omitted for clarity. 
There are also weak C−H···O interactions between the dimethylsulfoxide 
substituents, C···O distances in the range of 3.278(3)− 3.322(3) Å. Through these 
interactions, the chains are connected along the c axis giving rise to a 
two−dimensional network (Fig. 3.2.1−4). 
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Figure 3.2.1−4. Two−dimensional network of the [MII(C4O4)(C2H6SO)2(OH2)2], 
where MII = Mn, Co, ‘Co+Mn’. 
The packing coefficients in these crystal structures are 74.6% (8-Co), 73.3% (9-Mn) 
and 74.1% (10-(Co+Mn)). 
3.2.2. Catena-poly[[diaqua-(dimethylsulfoxide)−µ2−squarato−κ 2O1:O3]-copper(II), 
[CuII(C4O4)(C2H6SO)(OH2)2]n, (11-Cu) 
The complex crystallizes in the monoclinic centrosymmetric space group P21/c. The 
CuII ions are in general positions and they show very distorted six−fold coordination 
geometry. The metal coordination is typical for Jahn–Teller systems with four 
equatorial O atoms from one water molecule (O7), two squarate molecules in trans 
position (O1 and O3a) and one bridging water molecule (O6) and two axial weakly 
bonded O atoms, one from the dimethylsulfoxide ligand (O5) and the other one from 
a bridging water molecule (Fig. 3.2.2−2).  
Selected distances and angles are presented in Table 3.2.2−1. 
Table 3.2.2−1 
Distances, Å 
Cu1−O1 1.980(2) Cu1−O6 1.970(2) 
Cu1−O3a 1.978(2) Cu1−O7 1.927(2) 
Cu1−O5 2.283(3) Cu1−O6b 2.520(3) 
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Angles, ° 
O7−Cu1−O6 172.32(10) O7−Cu1−O1 95.24(10) 
O7−Cu1−O3a 83.38(11) O6−Cu1−O1 85.83(10) 
O6−Cu1−O3a 95.42(10) O3a−Cu1−O1 178.39(11) 
O7−Cu1−O5 96.24(10) O6−Cu1−O5 91.41(10) 
O3a−Cu1−O5 93.93(10) O1−Cu1−O5 87.04(10) 
The letter refers to the symmetry operation: a = x,y−1,z; b = −x,−y,1−z. 
Along b direction the squarate dianion connects the cations in a 
µ−1,3−bis(monodentate) fashion. In this way infinite chains of 
[CuII(C4O4)(C2H6SO)(OH2)2] are obtained (Fig. 3.2.2−1). 
 
Figure 3.2.2−1. The metal cations are connected through squarate dianion in a 
µ−1,3−bis(monodentate) fashion along b axis to give rise to an infinite chain. 
The cations are connected along the a direction by the bridging water molecule (O6) 
and its symmetry equivalent. Thus, through these connections and π−π interactions 
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between [SQ]2− moieties (Cg1···Cg2 = 3.516 Å) the chains are stacked one over the 
other to give rise to a double chain as shown in Fig. 3.2.2−2. 
The separation between metal ions along the a axis within the double−chains is 
3.4588(11) Å and along the b axis the separation is 7.856(2) Å.  
 
Figure 3.2.2−2. Infinite double−chains connected along the a axis through a 
bridging water molecule (O6) and its symmetry equivalent and π−π interactions 
between [SQ]2− moieties. 
In the crystal structure of [CuII(C4O4)(C2H6SO)(OH2)2]n there are two intramolecular 
interactions between the water molecules and the squarate dianions, with O···O 
distances 2.616(3) and 2.627(3) Å.  
Anions and water molecules are linked through O−H···O hydrogen bonds to give rise 
to an extensive one−dimensional network (Fig. 3.2.2−3). 
 115 
 
Figure 3.2.2−3. Hydrogen bonding network in the crystal lattice of 
[CuII(C4O4)(C2H6SO)(OH2)2]n. [(CH3)2S] groups of dimethylsulfoxide substituents 
omitted for clarity. 
There are also weak C−H···O interactions between the dimethylsulfoxide 
substituents, C···O distances in the range of 3.329(5)−3.330(5) Å. Through these 
interactions, the chains are connected along the a axis giving rise to a 
two−dimensional network (Fig. 3.2.2−4). 
 
Figure 3.2.2−4. C−H···O interactions between the dimethylsulfoxide substituents in 
the crystal structure of [CuII(C4O4)(C2H6SO)(OH2)2]n.  
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Full details of hydrogen bonding geometry are given in Table 3.2.2−2. 
Table 3.2.2−2 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A (°) 
O6–H6···O4a 0.79  1.88 2.643(3) 162 
O7–H7A···O2b 0.85  1.86 2.699(3) 165 
O7–H7B···O4 intra 0.98 1.67 2.616(3) 160 
O6–H6···O2c intra 0.85  1.80 2.627(3) 165 
C5–H5B···O5d 0.96  2.50 3.329(5) 144 
C6–H6B···O5d 0.96  2.50 3.330(5) 144 
The letters refer to the following symmetry operations: a = x,1/2−y,1/2+z; b 
x,1/2−y,−1/2+z; c = x,−1+y,z; d = 1−x,−1/2+y,3/2−z. 
The packing coefficient in the crystal structure of this compound is 75.1%. 
3.3. Conclusions 
In the attempt to design polynuclear complexes containing transition metal ions 
bridged through squarate ligand, two strategies were used:  
i. Synthesis of polymetallic systems using a building block strategy; 
ii. Design of coordination complexes that self-assemble into two-dimensional 
supramolecular networks. 
i. Synthesis of polymetallic systems using a building block strategy. 
The major inconvenience of the synthesis is represented by the formation of 
insoluble squarate-bridged polymers. This may be avoided by the use of N-
polydentate ligands with delocalised systems as blocking groups. These features 
allow the control of the polymerisation process; make possible the isolation of 
species of desired nuclearity and also the tuning of the magnetic properties of such 
squarate-bridged complexes. 
For the synthesis of the building blocks − useful in the divergent synthesis of 
polymetallic complexes − the heterocyclic α-diimines (1,10 phenanthroline and 
[4−(2−pyridylmethyleneamino)−phenol]53) as blocking ligands were used: 
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1,10 phenanthroline ≡ phen [4−(2−pyridylmethyleneamino)−phenol] 
For the synthesis of the building blocks the metallic perchlorates were used. 
The complexes [Mn(OH2)2(phen)2](ClO4)2, {[Cu(ClO4)(phen)(CH3CN)](ClO4)}n, 
[Cu(OH2)2(phen)(ClO4)2], [Cu(phen)2(CH3CN)](ClO4)2 and [MII(C12H10N2O)3](ClO4)2, 
where MII = Fe, Mn have been obtained.  
Phen complexes form crystals in which the metal atoms have octahedral 
([Mn(OH2)2(phen)2](ClO4)2, {[Cu(ClO4)(phen)(CH3CN)](ClO4)}n, 
[Cu(OH2)2(phen)(ClO4)2]) or distorted square-pyramidal coordination geometry 
([Cu(phen)2(CH3CN)](ClO4)2). In all this complexes, the phen ligand structure is 
planar with an atomic deviation of maximum 0.087(3) Å. The Mn−N and Mn−O 
distances are in the ranges 2.190(3)−2.193(3) Å and 2.235(3)−2.267(3) Å; Cu−N and 
Cu−O distances are in the ranges 1.983(2) − 2.098(2) Å and 1.9594(14) −2.5482(16) 
Å respectively.  
Electroneutrality of the structures is achieved by perchlorate anions. The perchlorate 
anions have Cl−O distances in the range of 1.393(4)-1.4735(14) Å and O−Cl−O 
angles in the range of 105.2(4)-113.3(2)°. 
A CSD33 database search shows that out of 14899 compounds containing 
perchlorate anion, in 13600 compounds the perchlorate is uncoordinated (error free 
entries in the database without disorder, total number of entries in the database is 
436384). 
According to Pascal et al.51 the [ClO4]− could only be bonded to a metal when there 
was no competition with stronger Lewis bases and only if the coordination sphere of 
the metal is large enough to accept several bonds can [ClO4]− compete with water or 
organic solvents. In the majority of the reported compounds [ClO4]− is weakly bonded 
to the metal. It often plays the role of a linking unit in the building of a molecular 
edifice.  
In ([Mn(OH2)2(phen)2](ClO4)2 and [Cu(phen)2(CH3CN)](ClO4)2 complexes the 
perchlorate anions are uncoordinated. In {[Cu(ClO4)(phen)(CH3CN)](ClO4)}n, 
perchlorate anion is coordinated to the metal ions; it acts as a bis-monodentate 
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ligand, while in Cu(OH2)2(phen)(ClO4)2 the perchlorates act as monodentate ligands. 
Cu−O bonds are weaker when the oxygen atom belonging to a perchlorate anion (in 
the range of 2.3777(14) − 2.5482(16) Å) than the bonds Cu−O with the oxygen atom 
from a water molecule (in the range of 1.9594(14) −1.9760(13) Å, as seen in the 
complex Cu(OH2)2(phen)(ClO4)2). 
In the crystal structures of the compounds ([Mn(OH2)2(phen)2](ClO4)2 and 
Cu(OH2)2(phen)(ClO4)2 there are O−H⋅⋅⋅O hydrogen bonds between [ClO4]− anions 
and water molecules, O⋅⋅⋅O distances in the range of 2.753(2) − 2.886(2) Å. 
The compounds obtained from [4−(2−pyridylmethyleneamino)−phenol], 
[Fe(C12H10N2O)3](ClO4)2 and [Mn(C12H10N2O)3](ClO4)2 are isomorphous. The 
complexes crystallize as the meridional isomers in the monoclinic centrosymmetric 
space group P21/c. The coordination geometry is distorted octahedral. The distances 
MII−N (pyridine) are shorter than the MII−N (imine); distances MII−N (pyridine) are in 
the range 1.965(3)−1.976(3) Å (Fe) and 2.207(10)−2.255(9) Å (Mn) and distances 
MII−N (imine) are in the range of 1.998(3) −2.017(3) Å (Fe) and 2.255(9)−2.340(10) Å 
(Mn). 
Electroneutrality of these structures is achieved by uncoordinated perchlorate anions. 
The perchlorate anions have Cl−O distances in the range of 1.398(3) − 1.452(10) Å 
and O−Cl−O angles in the range of 107.0(6) − 112.8(8)°. 
Although they are isomorphous, the MnII is a mononuclear complex, while in the FeII 
complex the intermolecular O−H···O hydrogen bonds between the OH groups of the 
ligand and the anions form an infinite one-dimensional chain in the c direction (O⋅⋅⋅O 
distances in the range of 2.734(4) − 2.816(4) Å). In first case, the perchlorate acts as 
a counteranion, while in the second complex, one perchlorate anion acts as a 
counteranion and the second one acts as a bridge between two cations. This is a 
good example of isomorphism in compounds, which have different structures with 
respect of intermolecular interactions. 
The only squarate dinuclear complex obtained by using the building block strategy is 
{[Cu2(phen)4(C4O4)](ClO4)2}2. This compound was obtained starting from the 
building block − [Cu(phen)2(CH3CN)](ClO4)2. CuII has the same coordination 
geometry in the squarate complex as in the building block − distorted square 
pyramidal − with one oxygen atom from squarate molecule replacing the nitrogen 
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atom from the acetonitrile ligand. Cu−O distances are in the range of 1.971(3) − 
1.997(3) Å and Cu−N distances are in the range of 1.976(4) − 2.204(3) Å. 
The squarate group coordinates the CuII cations in a µ−1,2−bis(monodentate) mode. 
The C−O bonds involving the coordinated oxygen atoms (in the range of 1.267(5)-
1.276(5) Å) are significantly longer than the other C−O bonds (in the range of 
1.226(5)-1.237(5) Å).  
The phen rings are nearly planar with a mean atomic deviation of maximum 0.087(5) 
Å. The fourth perchlorate anions are uncoordinated to the metal ion. 
According to Castro et al.40, the largest anrifferomagnetic coupling through bridging 
squarate was observed in the complex [Cu2(phen)4(C4O4)](ClO4)2·2H2O, but the 
authors could not determine the X-ray structure of this compound due to twinning 
problems. 
ii. Design of coordination complexes that self-assemble into two-
dimensional supramolecular networks 
An alternative approach uses the metal-ligand bonds between transition metals and 
organic ligands to create coordination polymers that have extended structures. Using 
this method homo- and heteropolynuclear complexes: [MII(C4O4)(C2H6SO)2(OH2)2], 
where MII = Mn, Co, ‘Mn+Co’; [CuII(C4O4)(C2H6SO)(OH2)2]n were obtained.  
These complexes form crystals in which the metal atoms are octahedral coordinated 
by two squarate dianions, two (or three in the case of the Cu-complex) water 
molecules and one (in CuII-complex) or two (in MnII, CoII and ‘CoII+MnII’ complexes) 
dimethylsulfoxide ligands. Despite the differences in the molecular geometry, the 
metal complexes have similar crystal packing. All of the metal complexes crystallize 
in the same centrosymmetric space group P21/c. 
Crystals were obtained from DMSO at room temperature.  
The squarate group coordinates the MII atoms in a µ−1,3−bis(monodentate) mode. 
The C−O distances in the squarate dianion are in the range of 1.245(2)-1.257(2) Å. 
The squarate dianion is a good acceptor of hydrogen bonds. Since water has two 
acidic protons, each molecule can act as a hydrogen-bonding donor by bridging 
between neighbouring squarate molecules. Water-squarate chains aligned in parallel 
rows are formed through O−H···O hydrogen bonds. In all complexes the weak 
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C−H···O interactions between the dimethylsulfoxide substituents from adjacent 
chains connect the one-dimensional structure into a two-dimensional structure.  
The complexes, [MII(C4O4)(C2H6SO)2(OH2)2], where MII = Mn, Co, ‘Co+Mn’ are 
isomorphous. Another complex isomorhous with these three compounds-
[Zn(C4O4)(C2H6SO)2(OH2)2] was synthesised by Yaghi et al. 65. The similarity 
between crystal packing in structures containing squaric acid and divalent transition 
metals (Co2+ or Mn2+) suggested that the hydrogen−bonded network of organic 
ligands would serve as a host lattice in which one metal could be replaced by another 
metal without disturbing the lattice. This type of material, a mixed crystal, contains a 
mixture of two different transition metals within the same crystal. According to 
MacDonald et al.54 mixed crystal represent a new class of materials that should 
exhibit properties that can be altered systematically as a function of the types and 
relative ratios of transition metals that are present. 
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4. Ag(I)−squarate coordination polymers  
Since the early days of structural and solid−state chemistry, many chemists have 
been working in the field of crystal engineering. Although much of the inspiration for 
these efforts originated in organic solid-state chemistry1,55, the inorganic equivalent is 
quickly defining its own possibilities, strategies and boundaries. The most common 
approach to inorganic crystal engineering has been to propagate the coordination 
geometry of a specific metal ion into infinite architectures using coordinate-covalent 
bonds, leading to coordination polymers of varying dimensionality and topology56. 
Two components are necessary in every synthetic approach leading to extended 
supramolecular multimetallic assemblies: the ligand (the organic tecton, a 
programmed species, whose information is read by the metal ions according to their 
stereochemical preference) and the metal ion47. 
The design of the coordination polymers requires knowledge of the geometrical and 
ligand atom preferences of the metal ion as well as the structural features of the 
ligand57.  
AgI is flexible in the coordination number, donor type and the geometry adopted: it 
can adopt coordination numbers between two and six and reveal coordination 
geometries from linear through trigonal, tetrahedral, square planar, trigonal pyramidal 
to octahedral57. The structural flexibility of these complexes is essential for the 
investigations of non-covalent interactions as even weak intermolecular forces 
significantly affect the geometry and topology of the AgI coordination polymers in the 
solid state.  
The term “chain polymer” by definition implies that the arrangement of the repeating 
structural units is fixed along one dimension. 
The stoichiometry of divergent ligand:metal is a key factor in determining the 
dimensionality of the resulting systems. One of the ligands which tends to form single 
chains is 1, 4 pyrazine (pyz), a ditopic ligand, where the donor groups are linked by a 
rigid spacer. AgI ions have a high affinity for softer nitrogen-containing ligands58.  
Combine of the bridging ability of squarate with the flexibility in the coordination 
number, donor type and the geometry adopted by the AgI cation two compounds 
were obtained, which have as common features the triligated AgI and squarate 
anions. The compounds were obtained according to the following procedure: 
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Scheme 4.1 The design of the AgI polymers. 
4.1. Silver squarate, [(Ag2C4O4)0.5]n, (12-Ag) 
The stoichiometry of the resultant metal−ligand complex of squarate and AgI is M2L. 
[Ag2C4O4]n is a complex which crystallizes in the monoclinic centrosymmetric space 
group P21/c. In the asymmetric unit is one AgI cation in general position together with 
half of squarate dianion located in an inversion centre (Fig. 4.1−1).  
 
Figure 4.1−1.  The asymmetric unit of the compound [(Ag2C4O4)0.5]n 
AgI is three−coordinated and adopts a distorted trigonal geometry, d(Ag−O) in the 
range of 2.3223(19) − 2.4393(19) Å and O−Ag−O angles in the range of 73.93(7) – 
139.69(6)°. The distances and angles are presented in Table 4.1−1.  
Table 4.1−1 
 
The letters refer to the following symmetry operations: a = −x,y−1/2,−z+1/2; b = 
−x+1,−y+1,−z. 
Distance (Å) 
Ag1−O1a 2.3223(19) Ag1−O2b 2.4393(19) 
Ag1−O2 2.4008(19)   
Angle (°) 
O1a−Ag1−O2  139.69(6) O2−Ag1−O2b 73.93(7) 
O1a−Ag1−O2b  124.88(7) C2−O2−Ag1 108.49(15) 
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The carbon−oxygen bond lengths in squarate dianion are 1.252(3) and 1.261(3) Å. 
The AgI cation is situated 0.4319(2) Å from the squarate molecule plane, at a 2.592 Å 
from the centre of the squarate dianion.  
The shortest Ag−Ag contact is 3.3990(10) Å along a axis, which corresponds to the 
lattice parameter a. An important feature in such structure is that in general, the 
shortest lattice translation corresponds to the closest Ag−Ag distance. 
The squarate anions are stacked along the a axis at a distance of 3.3990(10) Å. 
 
Figure 4.1−2. 3D structure of the [(Ag2C4O4)0.5]n compound. The Ag atoms are 
represented by the big spheres; the small spheres represent the centres of the 
squarate dianions. 
There are additional weak interactions between AgI and oxygen atoms (Table 4.1−2). 
Table 4.1−2 
The letters refer to the following symmetry operations: c = 1−x,−1/2+y,1/2−z ; d = 
−x,1−y,−z. 
4.2. catena−Poly−(disilver(I)−µ−hydrogensquarato−k2O1:O3−bis(pyrazinyl−N,N’) 
(hydrogensquarate), {[Ag2(pyz)2(C4HO4)](C4HO4)}n, (13-Ag) 
The complex crystallizes in the triclinic centrosymmetric space group P−1. In the 
asymmetric unit there are two AgI cations, two pyrazine ligands and two squarate 
monoanions (Fig. 4.2−1). 
Distance (Å) 
Ag1−O1c  2.6765(19) Ag1−O1 2.841(2) 
Ag1−O2d 2.783(2)   
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Figure 4.2−1. The asymmetric unit of [Ag2(pyz)2(C4HO4)2]n 
AgI is three−coordinated and adopts a distorted trigonal geometry. The bond lengths 
and angles are presented in Table 4.2−1. 
Table 4.2−1 
 
The letters refer to the following symmetry operations: a = x−1,y,z; b = x+1,y,z. 
The one−dimensional structure consists of infinite chains (the a−direction) of 
alternating pyz molecules and AgI ions with each chain linked to another by µ−1,3 
bis−monodentate squarate bridges that form the rungs of a double−stranded 
“ladder−type” structure (Fig. 4.2−2).  
Distance (Å) 
Ag1−N1 2.182(8) Ag2−N3 2.180(8) 
Ag1−N2a 2.153(7) Ag2−N4b 2.181(7) 
Ag1−O1 2.568(7) Ag2−O3 2.654(6) 
Angle (°) 
N2a−Ag1−N1 173.5(3) N3−Ag2−N4b 167.9(3) 
N1−Ag1−O1 91.1(2) N3−Ag2−O3 93.5(3) 
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Figure 4.2−2. Infinite chains of alternating pyz molecules and AgI ions with each 
chain linked to another by µ−1,3 bis−monodentate squarate bridges 
Each AgI atom in the polymeric chain is coordinated in a nearly linear geometry to 
two pyz ligands (N1−Ag1−N2a = 173.5(3)°; N3−Ag2−N4b = 167.9(3)°). Two adjacent 
parallel Ag−pyz chains are connected by the bridging squarate, with distances 
Ag1−O1= 2.568(7) Å and Ag2−O3= 2.654(6)Å. 
Along the pyz chains Ag−Ag separation is 7.102(3) Å; the separation through the 
squarate bridge is 6.333(3) Å.  
The Ag1 ion is situated 0.0521(8) Å from the pyz plane and 0.3595(9) Å from the 
squarate plane. Ag2 ion is situated 0.1612(8) Å from the pyz plane and 0.3128(8) Å 
from the squarate plane. The angle between squarate mono−anions is 4.0(3)°. 
There are additional weak interactions between the counter−anion squarate and 
silver atoms: d(Ag1−O5c) = 2.685(6) Å and d(Ag2−O8d) = 2.817(6) Å (The letters 
refer to the following symmetry operations: c = x,y,1+z; d = 1−x,2−y,−1−z). 
The shortest Ag−Ag contact is 3.3182(16) Å.  
Both squarate anions are monoprotonated. [SQH]− is expected to have one long C−O 
bond (corresponding to single C−O bond), two intermediate C−O bonds (due to C−O 
resonating double bond) and one short C−O bond (C=O double bond). The bond 
lengths within the squarate molecules confirm this assertion; carbon−oxygen bond 
lengths are in the range of 1.207(10)− 1.316(10)Å. The protonation occurs at the O4 
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and O8 so that the distances C−O for this atoms are longer than the rest of the C−O 
bonds in the squarate molecules, O3 and O7 participate in the H−bonds which 
explain the next two longest C−O bond lengths in squarates, next C−O distance is 
C9−O1 due to the fact that O1 is coordinated to AgI. The bond lengths in squarate 
molecule are presented in the Table 4.2−2. 
Table 4.2−2 
 
In the crystal structure of [Ag2(pyz)2(C4HO4)2]n the squarate monoanion acts as a 
µ−1,3 bis−monodentate bridging ligand between to polymeric chains of Ag(pyz)n, but 
it also acts as a counter−anion. 
The two monohydrogen squarate anions align to form a head−to−head cyclic dimer 
through very short hydrogen bonds, d1(O···O) = 2.461(10) Å; d2(O···O) = 2.507(10) Å, 
which give rise to a R22(10) motif (Fig.4.2−3). 
 
Figure 4.2−3. Cyclic squarate−dimer formed through very short O−H···O hydrogen 
bonds. The pyz rings omitted fot clarity. 
In the crystal structure of this compound there are also C−H⋅⋅⋅O hydrogen bonds 
between the pyz and squarate anions. Full details of the hydrogen bonding geometry 
are given in Table 4.2−3. 
Distance (Å) 
C9−O1 1.253(11) C5−O5 1.236(10) 
C10−O2 1.217(10) C6−O6 1.207(10) 
C11−O3 1.254(10) C7−O7 1.268(10) 
C12−O4 1.288(10) C8−O8 1.316(10) 
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Table 4.2−3 
Donor---H···Acceptor D – H (Å) H···A (Å) D···A (Å) D − H···A(°) 
O4–H4A···O7 0.84  1.67 2.461(10) 156 
O8–H8A···O3 0.84  1.71 2.507(10) 157 
C14– H14···O4a 0.95 2.48 3.090(12) 122 
C13–H13···O4a  0.95 2.54 3.113(11) 119 
C3–H3···O1b 0.95 2.51 3.129(12) 123 
C2–H2···O6c 0.95 2.51 3.178(12) 128 
C16–H16···O7d 0.95 2.48 3.138(11) 126 
C14–H14···O8e 0.95 2.53 3.235(13) 131' 
C4–H4···O5f 0.95  2.56 3.228(13) 127 
The letters refer to the following symmetry operations: a = x,1+y,z; b = 
1−x,1−y,−z,1/2−z; c = 1+x,1+y,1+z; d = −x,1−y,−1−z; e = −x,2−y,−1−z; f = x,y,1+z. 
In the c direction the interconnection between neighboring layers is made through 
stacking interactions between the coordinated pyz molecules The separation 
between pyz molecules is 3.408 Å.  
 
Figure 4.2−4. In the c direction the pyz rings are stacked through π−π interactions 
The increase of the dimensionality is achieved through these non−covalent 
interactions. 
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4.3. Conclusions 
The nature of the compounds resulted from the interaction of squaric acid with a 
silver salt, [(Ag2C4O4)0.5]n, and further with pyrazine, [Ag2(pyz)2(C4HO4)2]n, were 
described in this chapter. These compunds have as common feature the triligated AgI 
and squarate anions. AgI adopts distorted trigonal geometries, with Ag−O distances 
in the range of 2.3223(19)−2.4393(19)Å in compound (12-Ag) and 2.568(7)−2.654(6) 
Å in (13-Ag) and Ag−N bond lengths in [Ag2(pyz)2(C4HO4)2]n are in the range of 
2.153(7)−2.182(8) Å. 
[(Ag2C4O4)0.5]n, is a three-dimensional coordination polymer. In the crystal structure 
of this compound the squarate dianion is present. It is interesting to notice that there 
is no hydrogen atom in this compound. A CSD33 database search shows that out of 
436384 compounds (error free entries in the database without disorder, total number 
of entries in the database is 436384), there are only 2797 compounds without 
hydrogen atoms.  
In the crystal structure of the two-dimensional coordination polymer- 
[Ag2(pyz)2(C4HO4)2]n two squarate monoanions are present. One of them acts as a 
bridging ligand and the other one as a counteranion.  
The shortest Ag−Ag contact is 3.3990(10) Å in compound (12-Ag) which corresponds 
to the lattice parameter a, and 3.3182(16) Å in compound (13-Ag). This Ag−Ag 
contacts are less than the van der Waals radii of two silver atoms (3.4 Å)67. The 
supramolecular chemistry of AgI coordination polymers represent a dynamic field 
which abounds with various supramolecular forces such as metal-ligand, metal- π, 
metal-metal interactions, hydrogen bonds, π- π stacking and anion interactions66. 
The compounds described in this chapter are squarate- AgI - coordination polymers 
with highly efficient space filling. The packing coefficients (defined as the ratio 
between occupied and total unit cell volume60) are 88.5% in (12-Ag) and 78.9% in  
(13-Ag). 
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5. Experimental Section 
 
5.1 General Remarks 
All reactions were carried out in air. The solvents were used as purchased.  
5.1.1 Chemicals 
All chemicals were purchased and used without further purification.  
5.1.2 Characterization of the products 
Elemental Analysis:  Elemental analyses were carried out on a Heraeus CHNO-
Rapid apparatus. 
X-Ray Crystallography:  Data were collected with Mo-Kα on a Bruker SMART 
APEX CCD diffractometer equipped with a graphite monochromator, λ = 0.71073 A 
at 100(2) – 130(2)K.  
The structures were solved by direct methods or Patterson (SHELXS-97)61 and 
refined by full matrix least-squares procedures based on F2 with all measured 
reflections (SHELXL-97)62. A multi-scan absorption correction63 program was used 
where necessary. All non-hydrogen atoms were refined anisotropically, unless 
otherwise stated. H atoms attached to N or O atoms were located from difference 
Fourier maps and the H atoms attached to the C atoms were calculated and 
introduced in their idealized positions (d(CH)= 0.98Å). All hydrogen atoms were 
refined using a riding model. 
Melting points have been determined on a Gallenkamp apparatus and they are non-
corrected. 
Calculations concerning space filling properties were performed with PLATON44.  
 
pH measurement were determined using a glass electrode; pH of the solutions were 
adjusted using a solution of KOH. 
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5.2 Syntheses  
5.2.1 Synthesis of the N,N−dimethylbiguanidinium−bis(hydrogen 
squarate), 1a  
497 mg (3 mmol) dimethylbiguanide hydrochloride and 342 mg (3 mmol) squaric acid 
were mixed in 40 cm3 water and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was measured (pH = 1.85). Colourless crystals 
were obtained from the filtrate by evaporation at room temperature. Yield: 0.720 g 
(65.8%). Melting point: 205°C. Anal. Calcd.: H: 4.23, C: 40.34, N: 19.6; Found: H: 
3.94, C: 40.78, N: 19.85. 
 
'C12H15N5O8' MW = 357.29 g/mol 
5.2.2 Synthesis of the N, N−dimethylbiguanidinium−squarate dihydrate, 1b 
663 mg (4 mmol) dimethylbiguanide hydrochloride and 228 mg (2 mmol) squaric acid 
were mixed in 40 cm3 water and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was measured (pH = 2.67). Colourless crystals 
were obtained from the filtrate by evaporation at room temperature. Yield: 0.340 g 
(60.87%). Melting point: 205°C. Anal. Calcd.: H: 6.14, C: 34.41, N: 25.08; Found: H: 
5.59, C: 34.57, N: 26.73. 
 
'C8H17N5O6' MW = 279.27 g/mol 
5.2.3 Synthesis of the N, N−dimethylbiguanidinium−squarate hydrate, 1c 
497 mg (3 mmol) dimethylbiguanide hydrochloride and 342 mg (3 mmol) squaric acid 
were mixed in 40 cm3 water and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was adjusted to pH = 2.88. Colourless crystals 
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were obtained from the filtrate by evaporation at room temperature. Melting point: 
210°C. Anal. Calcd.: H: 5.79, C: 36.78, N: 26.81; Found: H: 5.62, C: 36.41, N: 26.39. 
 
'C16H32N10O8' MW = 492.52 g/mol 
5.2.4 Synthesis of the monohydrogen−(N, N−dimethylbiguanidinium) 
−hemisquarate hydrate, 1d 
500 mg (3 mmol) dimethylbiguanide hydrochloride and 344 mg (3 mmol) squaric acid 
were mixed in 40 cm3 water and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was adjusted to pH = 12. Colourless crystals 
were obtained from the filtrate by evaporation at room temperature. Melting point: 
240°C. Anal. Calcd. for the anhydrous compound: H: 6.5, C:38.70, N: 37.61; Found: 
H: 5.359, C: 37.21, N: 38.11. 
 
'C6H14N5O3' MW = 204.22 g/mol 
5.2.5 Synthesis of the (monohydrogen−N−phenylbiguanidinium) 
−(N−phenylbiguanidinium)−(hydrogensquarate)−squarate solvate, 2a 
600 mg (3.4 mmol) phenylbiguanide and 392 mg (3.4 mmol) squaric acid were mixed 
in 40 cm3 water : ethanol (1:1) and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was measured (pH =2.9). Colourless crystals 
were obtained from the filtrate by evaporation at room temperature. Yield: 0.6 g 
(57.69 %). Melting point: 209°C. Anal. Calcd.: H: 4.83, C: 49.59, N: 23.13; Found: H: 
4.72, C: 49.53, N: 23.32. 
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'C12.50H14.50N5O4.25' MW = 302.79  g/mol 
5.2.6 Synthesis of the 
Bis−(monohydrogen−N−phenylbiguanidinium)−squarate, 2b 
551 mg (3.1 mmol) phenylbiguanide and 354 mg (3.1 mmol) squaric acid were mixed 
in 40 cm3 water:ethanol (1:1) and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was adjusted to pH =11.3. Colourless crystals 
were obtained from the filtrate by evaporation at room temperature. Yield: 0.62 g 
(85.13%). Melting point: 220°C. Anal. Calcd.: H: 5.16, C: 51.28, N: 29.9; Found: H: 
4.58, C: 50.88, N: 29.95. 
 
'C20H24N10O4' MW = 468.49 g/mol 
5.2.7 Synthesis of the ortho-tolylbiguanidinium squarate, 3a 
500 mg (2.6 mmol) tolylbiguanide and 300 mg (2.6 mmol) squaric acid were mixed in 
40 cm3 water:ethanol (1:1) and then heated at 60°C for 2 h. The resulting mixture 
was filtered and the pH of the solution was measured (pH =2.9). Colourless crystals 
were obtained from the filtrate by evaporation at room temperature. Melting point: 
213°C. Anal. Calcd.: H: 5.3, C: 48.3, N: 21.66; Found: H: 5.0, C: 48.62, N: 21.15. 
 
'C14H17N5O5' MW = 335.33 g/mol 
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5.2.8 521 mg (2.7 mmol) tolylbiguanide and 310 mg (2.7 mmol) squaric acid were 
mixed in 40 cm3 water:ethanol (1:10) and then heated at 60°C for 2h. The resulting 
mixture was filtered and the pH of the solution was measured (pH =3.15). Colourless 
crystals of 3b and 3c were obtained from the filtrate by evaporation at room 
temperature. The yield of the reaction is 60%. 
5.2.8.1 (monohydrogen−o−tolylbiguanidinium)−(o−tolylbiguanidinium)− 
(hydrogensquarate)−squarate, 3b 
Melting point: 192°C. Anal. Calcd.: H: 4.95, C: 51.15, N: 22.94; Found: H: 5.02, C: 
51.12, N: 23.07. 
 
'C26H30N10O8'  MW =  610.60  g/mol 
5.2.8.2 o−tolylbiguanidinium−squarate hydrate, 3c 
Melting point: 211°C. Anal. Calcd.: H: 5.3, C: 48.3, N: 21.66; Found: H: 5.32, C: 
48.26, N: 21.51. 
 
'C39H51N15O15' MW =  969.95 g/mol 
5.2.9 Synthesis of the monohydrogen−(o−tolylbiguanidinium)− 
hemisquarate, 3d 
500 mg (2.6 mmol) tolylbiguanide and 296 mg (2.6 mmol) squaric acid were mixed in 
40 cm3 water : ethanol (1:1) and then heated at 60°C for 2h. The resulting mixture 
was filtered and the pH of the solution was adjusted to pH =11.37. Colourless 
crystals were obtained from the filtrate by evaporation at room temperature. Melting 
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point: 245°C. Anal. Calcd.: H: 5.68, C: 53.22, N: 28.21; Found: H: 5.53, C: 53.15, N: 
28.10. 
 
'C11H14N5O2' MW = 248.27 g/mol 
 
5.3 Syntheses of the phenanthroline-building-blocks 
5.3.1. Diaqua−bis(1,10−phenanthroline)manganese(II)bis(perchlorate) benzene 
solvate, [Mn(OH2)2(phen)2](ClO4)2·C6H6 (1-Mn) 
Mn(ClO4)2·6H2O (0.362 g, 1 mmol) and 1,10-phenanthroline (0.396 g, 2 mmol) were 
dissolved in 40 ml acetonitrile and stirred under reflux (2h) to promote the complete 
formation of the complex [Mn(OH2)2(phen)2](ClO4)2. 
Single crystals suitable for X-ray diffraction studies have been obtained by slow 
diffusion at room temperature in benzene43. Yield: 0.54 g (74%). Anal. Calcd.: H: 
3.10, C: 44.33, N: 8.62; Found: H: 3.17, C: 44.46, N: 8.69. 
 
‘C30H26Cl2MnN4O10’ MW = 728.39 g/mol 
5.3.2 catena-Poly[[[bis(acetonitrile)(1,10-phenanthroline-N,N’)copper(II)]-µ-
perchlorato-O,O]perchlorate]; {[Cu(CH3CN)2(phen)(ClO4)](ClO4)}n, (2-Cu) 
Cu(ClO4)2·6H2O (0.371 g, 1 mmol) and 1,10-phenanthroline (0.198 g, 1 mmol) were 
dissolved in acetonitrile (40 ml) and stirred under reflux to promote formation of the 
blue complex {[Cu(CH3CN)2(phen)(ClO4)][ClO4]}n.  
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Single crystals suitable for X-ray diffraction studies have been obtained by slow 
diffusion of benzene into an acetonitrile solution of the complex at room 
temperature46.  
Anal. Calcd.: H: 2.69, C: 36.62, N: 10.68; Found: H: 2.90, C: 35.05, N: 10.21. 
 
‘C16H14Cl2CuN4O8’ MW = 524.75g/mol 
 
5.3.3. Diaqua−(1,10−phenanthroline)bis(perchlorate)copper(II), 
[Cu(OH2)2(phen)(ClO4)2], (3-Cu) 
This compound was obtained by recrystalization of 
{[Cu(CH3CN)2(phen)(ClO4)][ClO4]}n from acetonitrile:water(1:1). 
 
‘C12H12Cl2CuN2O10’ MW = 478.68g/mol  
5.3.4 (Acetonitrile)bis(1,10-phenanthroline)copper(II)bis(perchlorate); 
[Cu(phen)2(C2H3N)](ClO4)2, (4-Cu) 
Cu(ClO4)2·6H2O (0.371 g, 1 mmol) and 1,10-phenanthroline (0.396 g, 2 mmol) were 
dissolved in acetonitrile (40 ml) and stirred under reflux to promote the complete 
formation of the [Cu(phen)2(C2H3N)] (ClO4)2 complex.  
Single crystals suitable for X-ray diffraction studies have been obtained by slow 
diffusion from a acetonitrile/diisopropylether solution at room temperature48. 
Anal. Calcd.: H: 2.88, C: 47.04, N: 10.55; Found: H: 3.18, C: 46.82, N: 10.25. 
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‘C26H19Cl2CuN5O8’ MW = 663.9g/mol 
5.4. Syntheses of the  (2-pyridylmethyleneamino)-phenol], (C12H10N2O)-building-
blocks 
The ligand 2-pyridinecarboxaldehyde(p-hydroxyphenylimine) was prepared following 
the procedure developed in the literature53. 
A solution of 4-aminophenol (2.73 g, 25 mmol) in dry THF (20 ml) was added slowly 
to a solution of pyridine-2-carboxaldehyde (1.98 ml, 21 mmol) in THF (10 ml). 
Anhydrous MgSO4 (1 g) was added to the solution and the reaction mixture stirred at 
room temperature for 30 min. The mixture was filtered and the solvent removed from 
the filtrate to produce analytically pure product (81%). 
5.4.1. Tris[4-(2-pyridylmethyleneamino)-phenol]iron(II)bis(perchlorate); 
[Fe(C12H10N2O)3](ClO4)2, (5-Fe) 
Attempts to synthesize Fe(II) complexes with the Schiff base ligand 2 
pyridinecarboxaldehyde(p-hydroxyphenylimine) in a molar ratio M:L 1:1 or 1:2 
resulted in the same crystalline complex [Fe(C12H10N2O)3](ClO4)2, independent of 
reactant stoichiometry. Stoichiometric amounts of Fe(ClO4)2.xH2O (0.255 g, 1 mmol) 
and 2-pyridinecarboxaldehyde(p-hydroxyphenylimine) (0.198 g, 1 mmol respectively 
0.296 g, 2 mmol) were dissolved in acetonitrile (40 ml) and stirred under reflux to 
promote the complete formation of the purple complex, [Fe(C12H10N2O)3](ClO4)2. 
Single crystals suitable for X-ray diffraction were obtained by slow diffusion of 
diisopropyl ether into an acetonitrile solution of the complex at room temperature49. 
Anal. Calcd.: H: 3.56, C: 50.90, N: 9.89; Found: H: 3.77, C: 50.74, N: 9.94. 
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‘C36H30Cl2FeN6O11’ MW = 849.41g/mol 
5.4.2. Tris[4-(2-pyridylmethyleneamino)-phenol]manganese(II)bis(perchlorate); 
[Mn(C12H10N2O)3](ClO4)2, (6-Mn) 
Stoichiometric amounts of Mn(ClO4)2.6H2O (0.362 g, 1 mmol) and 2-
pyridinecarboxaldehyde(p-hydroxyphenylimine) (0.594 g, 3 mmol) were dissolved in 
acetonitrile (40 ml) and stirred under reflux to promote the complete formation of the 
dark brown complex, [Mn(C12H10N2O)3](ClO4)2. Single crystals suitable for X-ray 
diffraction were obtained by slow diffusion of diisopropyl ether into an acetonitrile 
solution of the complex at room temperature50.  
Anal. Calcd.: H: 3.56, C: 50.96, N: 9.90; Found: H: 3.97, C: 50.04, N: 9.76. 
 
‘C36H30Cl2MnN6O11’ MW = 848.5g/mol 
5.5. Synthesis of the dicopper(II)-(µ−1,2−squarato)-tetra(1,10-phenanthroline)-
bisperchlorate) - solvate, {[Cu2(phen)4(C4O4)](ClO4)2}2 solvate, (7-Cu) 
331 mg (0.5 mmol) [Cu(C12H8N2)2(C2H3N)](ClO4)2 are suspended in 100 ml of mixture 
ethanol-water (4:1) at 70°C. An excess of K2C4O4 (more than 5 mmol) is added and 
the reaction mixture is stirred for 30 minutes. Single crystals suitable for X-ray 
diffraction were obtained by evaporation at room temperature. The elemental 
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analyses matches precisely to the found formula. Anal. Calcd.: C: 51.55, H: 3.16, N: 
9.16. Found: C: 51.41, H: 3.13, N: 9.19. 
 
‘C52.50H33Cl2Cu2N8O15.25’ MW = 1217.85 g/mol  
 
5.6. Syntheses of the metal-squarates  
The metal-squarates were prepared following the procedure developed in the 
literature54. 
The following method was used to synthesize and grow crystals of metal-squarates 
complexes with M2+ = Mn, Co, Cu. Squaric acid (0.456 g, 4 mmol) were dissolved in 
70 ml DMSO with stirring at 40°C for 30 min. The appropriate metal chloride (1mmol) 
was then added and the solution warmed and stirred until all solids disappeared and 
the solution turned clear. The solution was cooled to room temperature and left 
uncovered. Single crystals suitable for X-ray diffraction formed in solution after 
several days. It should be noted that the crystals were achieved from solutions 
containing squaric acid:metal in a 4:1 molar ratio. 
Growth of mixed crystals: 
Squaric acid (0.456 g, 4 mmol) were dissolved in 70 ml DMSO with stirring at 40°C 
for 15 min. A pair of metal chlorides (1 mmol CoCl2 and 1 mmol MnCl2) was then 
added and the solution warmed and stirred until all solids disappeared and the 
solution turned clear (15 min.). The solution was cooled to room temperature and left 
uncovered. Single crystals suitable for X-ray diffraction formed in solution after 
several days. 
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5.6.1. catena-(µ2-Squarato-O1:O3)-(bis(dimethylsulfoxide-O)-diaqua-metal(II)), 
[MII(C4O4)(C2H6SO)2(OH2)2], where MII = Mn, Co, ‘Co+Mn’, (8-Co, 9-Mn, 10-
(Co+Mn)) 
[CoII(C4O4)(C2H6SO)2(OH2)2]: Yield: 0.25 g (68.8 %). Anal. Calcd.: H: 4.44, C: 26.45, 
N: 0.00, Co: 16.22; Found: H: 4.664, C: 25.92, N: 0.00, Co: 16.67. 
[MnII(C4O4)(C2H6SO)2(OH2)2]: Yield: 0.15 g (41.75 %).Anal. Calcd.: H: 4.49, C: 
26.74, N: 0.00, Mn: 15.29; Found: H: 4.95, C: 26.54, N: 0.00, Mn: 14.66. 
[CoII/MnII(C4O4)(C2H6SO)2(OH2)2]: Yield: 0.314 g (86.98 %).Anal. Calcd.: H: 4.44, C: 
26.45, N: 0.00; Found: H: 4.28, C: 26.26, N: 0.00. 
 
‘C8H16MIIO8S2’ , MII= Co, Mn, ‘Co+Mn’, MW = 363.26 (Co) 
/359.27(Mn)/361.26(Co+Mn) g/mol 
5.6.2. Catena-[[diaqua-(dimethylsulfoxide)−µ2−squarato−k2O1:O3]-copper(II), 
[CuII(C4O4)(C2H6SO)(OH2)2]n, (11-Cu) 
 
‘C6H10CuO7S’ MW = 289.74 g/mol  
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5.7. Squarate coordination polymers containing AgI. 
5.7.1. Silver squarate, [Ag2C4O4]n, (12-Ag) 
827 mg (3mmol) Ag2CO3 are suspended in 100 ml of mixture acetonitrile-water (1:1) 
at 70°C. An excess of squaric acid (more than 3 mmol) is added until all solid is 
dissolved and then, the reaction mixture is refluxed for 30 minutes. The hot solution 
is filtered and the filtrate is evaporatorated to dryness. The white powder is washed 
with 20 ml water three times and then dried. Anal. Calcd.: C: 14.66, H: 0.00, N: 0.00. 
Found: C: 14.49, H: 0.92, N: 0.00, m.p. 211°C (with decomposition).  
 
'C2AgO2' MW = 163.89  g/mol 
5.7.2. catena−Poly−(disilver(I)−µ−hydrogensquarato−k2O1:O3−bis(pyrazinyl− 
-N,N’)(hydrogensquarate), {[Ag2(pyz)2(C4HO4)](C4HO4)}n, (13-Ag) 
The silver squarate obtained as above is reacted with pyrazine (pyz) in order to 
obtain the coordination polymer, [Ag2(pyz)2(C4HO4)2]n. A solution of 80 mg (1 mmol) 
of pyrazine in 10 ml water is added dropwise to a solution of 327 mg of Ag2C4O4 (1 
mmol) in 20 ml acetonitrile-water (1:1) at room temperature. The reaction mixture 
was stirred for 60 min and then filtrated. Yellow needle crystals were obtained from 
this solution. Yield: 0.186 g (61.88%). Anal. Calcd.: C: 31.92, H: 1.67, N: 9.31. Found: 
C: 31.97, H: 1.95, N: 9.38, m.p. 218-219°C (with decomposition). 
 
‘C16H10Ag2N4O8’ MW = 602.02 g/mol  
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6. Summary 
In this PhD thesis the synthesis and characterization of a variety of squaric-based 
materials (based on coordinative or hydrogen bonding motifs) have been presented. 
The interest in derivatives of the squarate dianion is due to its formal similarities with 
well-known oxalate dianion: both comprise a set of four oxygen donors, planar 
stereochemistry, π -electron delocalisation59.  
6.1. Hydrogen-bonded systems generated by the squaric acid  
Squaric acid is a strong diprotic acid, pK1=1.2-1.7; pK2=3.2-3.5. With its four-atom-
ring framework it can act as donor as well as an acceptor of hydrogen bonds. 
Strong bases such as biguanide derivates28 represent interesting partners for squaric 
acid: they incorporate a characteristic pattern of multiple sites that can donate or 
accept hydrogen bonds, thereby directing molecular recognition and association29. 
A molecule, or an atom group in a molecule, may lose or gain a proton when placed 
in an aqueous solution. It is envisaged here the role of the pH on the protonation 
process.  
Some conclusions can be drawn regarding the anions and cations resulting from 
these acid-base reactions: 
 As expected, basic pH leads to fully deprotonation of squarate (monoprotonated 
biguanide derivatives), whereas acidic media lead to the formation of both mono- 
and dianion squarate (mono- and diprotonated biguanides derivatives). This 
behaviour is reflected in the resulting crystal structures in which all available 
donors and acceptors are involved in the O–H···O and N–H···O hydrogen bonds.  
 The biguanide residue is non-planar; in each cation the two halves of the 
biguanide residue are twisted with respect to one another;  
 Both intra- and intermolecular interactions cooperate to produce an almost total π 
-delocalization along the carbon−nitrogen bonds of the biguanide fragment.  
 In monoprotonated biguanides the π-delocalization along the carbon-nitrogen 
bonds of the biguanide fragment is almost total, whereas in diprotonated 
biguanides the π-delocalization is less pronounced (the increased electron 
delocalization observed in monoprotonated biguanides is correlated to the 
formation of strong intramolecular hydrogen bonds in these compounds); 
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regarding the squarate anions, both monoanion and dianion are delocalized but 
the delocalization is more pronounced in [SQ]2-, which is considered to be 
aromatic12.  
 In very strong acidic media, where [SQH]− and [BigH3]2+ are present, the N−H···O 
hydrogen bonds are shorter than in basic media, where [SQ]2- and [BigH2]+ are 
present, Another remark is that in the crystal structure of the compounds 
containing [SQH]- the O···O distances are shorter than in the crystal structure of 
the compounds where only [SQ]2- is present. These remarks seem to substantiate 
the idea that hydrogen-bond lengths; π-delocalization and pH are directly related. 
6.2. The design of squarate complexes (coordinative bonds concept) 
In the attempt to design polynuclear complexes containing transition metal ions 
bridged through squarate ligand, two strategies were used:  
6.2.1.Synthesis of polymetallic systems using a building block strategy (the 
use of coordination complexes as building blocks in the synthesis of novel 
molecular materials).  
For the synthesis of the building blocks − useful in the divergent synthesis of 
polymetallic complexes − the heterocyclic α-diimines (1,10 phenanthroline and 
[4−(2−pyridylmethyleneamino)−phenol]) as blocking ligands were used: 
  
1,10 phenanthroline ≡ phen [4−(2−pyridylmethyleneamino)−phenol] 
The complexes [Mn(OH2)2(phen)2](ClO4)2, {[Cu(ClO4)(phen)(CH3CN)](ClO4)}n, 
[Cu(OH2)2(phen)(ClO4)2], [Cu(phen)2(CH3CN)](ClO4)2 [MII(C12H10N2O)3](ClO4)2, where 
MII = Fe, Mn have been obtained as building blocks.  
Electroneutrality of these structures is achieved by perchlorate anions. In 
([Mn(OH2)2(phen)2](ClO4)2, [Cu(phen)2(CH3CN)](ClO4)2, [Fe(C12H10N2O)3](ClO4)2  and 
[Mn(C12H10N2O)3](ClO4)2 complexes the perchlorate anions are uncoordinated. In 
{[Cu(ClO4)(phen)(CH3CN)](ClO4)}n, the perchlorate is coordinated to the metal ions, 
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acting as a bidentate ligand, whereas in Cu(OH2)2(phen)(ClO4)2 the anions act as 
monodentate ligands. 
Starting from the building block − [Cu(phen)2(CH3CN)](ClO4)2 the complex 
{[Cu2(phen)4(C4O4)](ClO4)2}2 was obtained. 
 
Synthetic route for obtaining {[Cu2(phen)4(C4O4)](ClO4)2}2 
6.2.2. The design of coordination complexes that self-assemble into two-
dimensional supramolecular networks. 
Homo- and heteropolynuclear complexes: [MII(C4O4)(C2H6SO)(OH2)2], where MII = 
Mn, Co, ‘Mn+Co’; [CuII(C4O4)(C2H6SO)(OH2)2]n were obtained by combining MIICl2 
with squaric acid in DMSO solutions. Despite the differences in the coordination 
geometry, the metal complexes have similar crystal packing. All of the metal 
complexes crystallize in the same centrosymmetric space group P21/c. 
The coordination mode of the squarate dianion is µ−1,3−bis(monodentate). The 
squarate dianion is a good acceptor of hydrogen bonds. Since water has two acidic 
protons, each molecule can act as a hydrogen-bonding donor by bridging between 
neighbouring squarate anions. Water-squarate chains aligned in parallel rows are 
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formed through O−H···O hydrogen bonds. In all complexes the weak C−H···O 
interactions between the dimethylsulfoxide substituents from adjacent chains connect 
the one-dimensional structure into a two-dimensional structure.  
6.3. AgI −squarate coordination polymers 
Combining the bridging ability of squarate with the flexibility in the coordination 
number, donor type and the geometry adopted by the AgI cation two compounds 
were obtained; they have as common features the triligated AgI and squarate anions. 
The compounds were obtained according to the following procedure: 
 
The synthetic route for obtaining the silver polymers 
AgI adopts distorted trigonal geometries with Ag−O distances between 2.3223(19) 
and 2.4393(19)Å in (12-Ag) and between 2.568(7) and 2.654(6) Å in (13-Ag); Ag−N 
bond lengths in (13-Ag) range from 2.153(7) to 2.182(8) Å. 
[(Ag2C4O4)0.5]n is a three-dimensional coordination polymer. In the crystal structure of 
this compound the squarate dianion is present. It is interesting to notice that there is  
no hydrogen atom in this compound. 
In the crystal structure of the two-dimensional coordination polymer- 
[Ag2(pyz)2(C4HO4)2]n two squarate monoanions are present. One of them acts as a 
bridging ligand and the other one as a counteranion.  
The shortest Ag−Ag contact is 3.3990(10) Å in compound (12-Ag) which corresponds 
to the lattice parameter a, and 3.3182(16) Å in compound (13-Ag). These Ag−Ag 
contacts are less than the van der Waals radii of two silver atoms (3.4 Å)67. The 
supramolecular chemistry of AgI coordination polymers represent a dynamic field 
which abounds with various supramolecular forces such as metal-ligand, metal- π, 
metal-metal interactions, hydrogen bonds, π- π stacking and anion interactions66. 
These AgI - coordination polymers have very high packing coefficients (defined as the 
ratio between occupied and total unit cell volume60): 88.5% in (12-Ag) and 78.9% in  
(13-Ag). 
Another polymorph of Ag2C4O4 has been reported by Robl et al.64 
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7. Future work 
7.1 In the crystal structure of 1a several types of hydrogen bonds occur, namely: 
 O-H···O bonds shorter than 2.5 Å 
 Slightly longer interactions with 2.5 < O-H···O < 2.6 Å 
 N-H···O bonds with N···O ≈ 2.8 Å and ≈ 2.9 Å 
Their concomitant presence in the same crystal offer the fascinating possibility of an 
internal scaling for two criteria of hydrogen bond strength, both associated with the 
idea that a strong hydrogen···acceptor (H···A) interaction results in a weaker donor-
hydrogen (D-H) bond: 
a) One may expect that strong hydrogen bonds show higher electron density at the 
bond critical point37 along the hydrogen···acceptor bond path; 
b) The weaker D-H and stronger H···A interaction should be reflected in the 
interatomic distances: only in the case of strong hydrogen bonds D-H is significantly 
elongated with respect to a standard single bond68. More precise nuclear positions 
for hydrogen atoms can be derived from neutron diffraction experiments. We were 
granted with beam time for the HEIDI instrument at FRM II, Munchen. 
Therefore, the application had two main goals: Intensity data from a single crystal 
neutron diffraction experiment will provide us with more reliable nuclear positions for 
the H atoms, and these data will directly allow us to apply the second criterium, H-D 
versus H···A distances. 
The neutron diffraction study allows accessing a maximum of experimental 
information for the system under study and helps us to better understand the 
intermolecular interactions in these solids. 
7.2 Magneto-structural correlations for the heteropolynuclear squarate complexes are 
under study. The results would account for the ability of squarate to intermediate the 
interactions of superexchange between paramagnetic ions and will provide us 
informations of the composition in metal cations. 
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9. Abbreviations 
 
A     acceptor 
[BigH]     a molecule of any biguanide 
bipy     2,2’-bipyridine 
bipym     2,2’-bipyrimidine 
CSD     Cambridge Structural Data Base 
D     donor 
DMSO    dimethylsulfoxide 
[DMB]     N, N dimethylbiguanide 
Lspl     least-square plane 
[PhB]     N-phenylbiguanide  
phen     1,10-phenanthroline 
pyz     1,4 pyrazine 
RT      room temperature 
SG     space group 
Sp. fill.    space filling 
[SQH2]    squaric acid (H2C4O4) 
terpy     2,2’:6’,2”-terpyridine 
[TolB]     N-(o-tolyl)biguanide 
V’     volume per non H atom 
Z     number of molecules per unit cell 
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10. Experimental X-ray diffraction parameters and crystal data  
Complex 1a 1b 1c 1d 2a 
Empirical formula C12H15N5O8 C8H17N5O6 C8H15N5O5 C6H14N5O3 C50H58N20O17 
Formula weight 357.29 279.27 261.25 204.22 1211.16 
Crystal size (mm) 0.38x 0.21x 0.13 0.35 x 0.30 x 0.03 0.68 x 0.20 x 0.10 0.40 x 0.20 x 0.10 0.40 x 0.20 x 0.08 
Crystal habit, color Block,colourless Block, colourless Block, colourless Block, colourless Block, colourless 
Crystal system Triclinic Orthorhombic Monoclinic Triclinic Monoclinic 
Space group P−1 Pca21 P21 P−1 P21/n 
a (Å) 7.0689(2) 12.809(2)  7.1418(9) 7.5760(14) 13.1608(14) 
b (Å) 8.5538(2) 13.372(2)  10.6881(13) 8.3143(15) 12.6922(14) 
c (Å) 13.0736(3) 7.3552(11) A 15.8359(19) 8.5662(16) 17.2000(18) 
α [°] 90.4260(10) 90 90 63.075(2) 90 
β [°] 105.1180(10) 90 92.827(2) 88.633(3) 100.297(2) 
γ [°] 102.4250(10) 90 90 81.063(3) 90 
V (Å3) 743.58(3) 1259.8(3) 1207.3(3) 474.58(15) 2826.8(5) 
D [g.cm-3] 1.596 1.472 1.437 1.429 1.423 
Z 2 4 4 2 2 
µ (Mo Kα) (mm-1) 0.136 0.126 0.120 0.115 0.110 
T(K) 100(2) 130(2) 130(2) 130(2) 130(2) 
F(000) 372 592 552 218 1268 
θ range (°) 2.44−52.20 2.20−26.49 2.30−26.38 2.67−26.66 2.41−26.41 
Refl. collected 38327 14347 14473 5853 33142 
Rint 0.0479 0.0950 0.0535 0.0313 0.0911 
Unique refl. in refin. 15808 1415 2589 2003 5790 
Refl. With I> 2σ(I) 10236 1166 2305 1661 2997 
Param. refined 237 174 347 129 390 
R1 (2σ(I)) 0.0507 0.0391 0.0327 0.0403 0.0489 
R1 (all data) 0.0800 0.0519 0.0367 0.0477 0.1005 
wR2 0.1299 0.0801 0.0841 0.1116 0.1067 
Goodness of fit 0.942 0.989 1.049 1.105 0.973 
Diff. peak/ hole [e/Å3] −0.416/0.839 −0.177 /0.194 −0.189/0.322 −0.294/ 0.457 −0.382/0.492 
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Complex 2b 3a 3b 3c 3d 
Empirical formula C20H24N10O4 C13H17N5O5 C26H30N10O8 C13H17N5O5 C11H14N5O2 
Formula weight 468.49 323.32 610.60 323.32 248.27 
Crystal size (mm) 0.28 x 0.10 x 0.05 0.32 x 0.22 x 0.10 0.48 x 0.22 x 0.10 0.25 x 0.14 x 0.05 0.45 x 0.30 x 0.06 
Crystal habit, color Block, colourless Block, colourless Block, colourless Block, colourless Block, colourless 
Crystal system Triclinic Monoclinic Monoclinic Triclinic Monoclinic 
Space group P−1 P21/c P21/c P−1 P21/n 
a (Å) 8.9093(16) 8.2558(12) 11.7158(10) 8.0245(7) 9.406(3) 
b (Å) 10.772(2) 14.578(2) 12.8220(11) 13.0557(11) 11.576(3) 
c (Å) 12.425(2) 13.1414(19) 19.2921(16) 22.2369(19) 11.779(3) 
α [°] 71.502(3) 90 90 87.683(2) 90 
β [°] 74.311(3) 102.833(2) 90.351(2) 82.848(2) 107.623(4) 
γ [°] 80.732(3) 90 90 73.025(2) 90 
V (Å3) 1085.0(3) 1542.1(4) 2898.0(4) 2210.8(3) 1222.4(6) 
D [g.cm-3] 1.434 1.393 1.399 1.457 1.349 
Z 2 4 4 6 4 
µ (Mo Kα) (mm-1) 0.105 0.109 0.107 0.114 0.098 
T(K) 130(2) 130(2) 130(2) 100(2) 130(2) 
F(000) 492 680 1280 1020 524 
θ range (°) 2.00−26.44 2.12−27.50 2.35−26.57 2.46−26.38 2.44−26.38 
Refl. collected 13257 19615 34416 26487 14208 
Rint 0.0566 0.0677 0.0581 0.0736 0.0638 
Unique refl. in refin. 4464 3538 6018 9008 2497 
Refl. With I> 2σ(I) 3082 2404 4270 5975 2074 
Param. refined 307 209 415 629 187 
R1 (2σ(I)) 0.0445 0.0427 0.0505 0.0544 0.0353 
R1 (all data) 0.0688 0.0664 0.0691 0.0923 0.0413 
wR2 0.0915 0.0913 0.1367 0.1044 0.0978 
Goodness of fit 0.951 0.996 1.021 0.958 1.059 
Diff. peak/ hole [e/Å3] −0.261/0.208 −0.305/0.513 −0.373/1.102 −0.309/0.290 −0.182/0.286 
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Complex 1-Mn 2-Cu 3-Cu 4-Cu 
Empirical formula C30H26Cl2MnN4O10 C16H32Cl2CuN4O8 C12H12Cl2CuN2O10 C27H19Cl2CuN4O8 
Formula weight 728.39 542.90 478.68 661.90 
Crystal size (mm) 0.57 x 0.42 x 0.13 0.31 x 0.35 x 0.37 0.4x0.35x0.3 0.32 x 0.16 x 0.06 
Crystal habit, color Prism, light yellow Fragment, light blue Rod, green Rod, green 
Crystal system Monoclinic Monoclinic Triclinic Monoclinic 
Space group P21/c P21 P-1 C2/c 
a (Å) 11.802(2) 11.578(3) 7.7817(4) 19.597(4) 
b (Å) 15.486(3) 6.943(2) 10.4213(5) 8.820(2) 
c (Å) 18.183(3) 12.542(4) 10.8013(5) 14.659(3) 
α [°] 90 90 76.6310(10) 90.00 
β [°] 106.597(3) 90 75.2260(10) 96.618(4) 
γ [°] 90 90 79.8720(10) 90.00 
V (Å3) 3184.8(9) 1008.2(5) 817.64(7) 2516.6(10) 
D [g.cm-3] 1.519 1.788 1.944 1.747 
Z 4 2 2 4 
µ (Mo Kα) (mm-1) 0.646 1.404 1.723 1.144 
T(K) 110 (2) 130(2) 100(2) 130(2) 
F(000) 1492 566 482 1344 
θ range (°) 1.76 - 27.45 1.62 - 27.50 2.54 -27.50 2.09 - 28.35 
Refl. collected 20731 6508 18777 12454 
Rint 0.0317 0.0509 0.0558 0.0624 
Unique refl. in refin. 7186 4257 3750 3125 
Refl. With I> 2σ(I) 4585 4373 3328 2663 
Param. refined 410 283 248 193 
R1 (2σ(I)) 0.0668 0.0336 0.0272 0.0517 
R1 (all data) 0.0836 0.0339 0.0314 0.0627 
wR2 0.2080 0.0833 0.0736 0.1224 
Goodness of fit 1.056 1.068 1.054 1.126 
Diff. peak/ hole [e/Å3] −0.261/0.208 − 0.540 /0.738 −0.394/0.490 -0.623/0.875 
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Complex 5-Fe 6-Mn 7-Cu 8-Co 
Empirical formula C36H30Cl2FeN6O11 C36H30Cl2MnN6O11 C52.50H33Cl2Cu2N8O15.25 C8H16CoO8S2 
Formula weight 849.41 848.50 1217.85 363.26 
Crystal size (mm) 0.55 x 0.07 x 0.04 0.18 x 0.05 x 0.04 0.3x0.05x0.07 0.19 x 0.14 x 0.11 
Crystal habit, color Rod, purple Rod, dark brown Rod, green Rod, red 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/c P-1 P21/c 
a (Å) 16.201(3) 16.314(4) 17.1423(4) 14.832(2) 
b (Å) 9.1222(15) 8.880(2) 18.2326(5) 8.0900(12) 
c (Å) 23.787(4) 24.983(7) 18.3764(6) 12.0617(18) 
α [°] 90.00 90.00 103.636(2) 90.00 
β [°] 91.089(5) 90.519(8) 117.4140(10) 110.907(2) 
γ [°] 90.00 90.00 91.3780(10) 90.00 
V (Å3) 3514.8(10) 3619.1(16) 4895.9(2) 1352.0(3) 
D [g.cm-3] 1.605 1.557 1.652 1.785 
Z 4 4 4 4 
µ (Mo Kα) (mm-1) 0.655 0.584 1.062 1.608 
T(K) 130(2) 130(2) 110(2) 130(2) 
F(000) 1744 1740 2472 748 
θ range (°) 2.14 - 27.45 2.43 - 25.00 1.16 - 26.70 1.47-30.12 
Refl. collected 20409 6910 81131 14060 
Rint 0.0811 0.1257 0.0655 0.0472 
Unique refl. in refin. 7879 4429 20469 3663 
Refl. With I> 2σ(I) 4431 1716 13242 2644 
Param. refined 505 243 1410 179 
R1 (2σ(I)) 0.0607 0.0973 0.0613 0.0303 
R1 (all data) 0.1302 0.2303 0.1080 0.0432 
wR2 0.1439 0.2312 0.1536 0.0561 
Goodness of fit 0.898 1.018 1.036 0.993 
Diff. peak/ hole [e/Å3] -0.472/0.649 -0.548/0.795 -0.908/1.138 -0.408/0.635 
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Complex 9-Mn 10-(Co+Mn) 11-Cu 12-Ag 13-Ag 
Empirical formula C8H16MnO8S2 C8H16Co0.50Mn0.50O8S2 C6H10CuO7S C2O2Ag C16H10Ag2N4O8 
Formula weight 359.27 361.26 289.74 163.89 602.02 
Crystal size (mm) 0.4x0.07x0.04 0.35 x 0.17 x 0.10 0.25x0.045x0.03 0.26x0.15x0.07 0.41 x 0.03 x 0.02 
Crystal habit, color Rod, colourless Rod, red Rod, green Rod, light yellow Needle, yellow 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic 
Space group P21/c P21/c P21/c P21/c P-1 
a (Å) 15.0940(18) 14.9530(16) 11.537(3) 3.3990(9) 7.102(3) 
b (Å) 8.2257(10) 8.1496(9) 7.856(2) 6.5186(17) 10.403(4) 
c (Å) 12.1779(15) 12.1134(13) 12.132(3) 11.159(3) 12.502(4) 
α [°] 90.00 90.00 90.00 90.00 98.195(5) 
β [°] 111.782(2) 111.2890(10) 114.932(5) 99.619(7) 104.413(5) 
γ [°] 90.00 90.00 90.00 90.00 106.921(4) 
V (Å3) 1404.0(3) 1375.4(3) 997.1(5) 243.77(11) 832.5(5) 
D [g.cm-3] 1.700 1.745 1.930 4.466 2.402 
Z 4 4 4 4 2 
µ (Mo Kα) (mm-1) 1.267 1.437 2.413 7.955 2.414 
T(K) 130(2) 130(2) 130(2) 130(2) 130(2) 
F(000) 740 744 588 300 584 
θ range (°) 1.45-26.45 1.46 -26.50 3.19 - 26.44 3.63 – 26.42 2.39 - 26.52 
Refl. collected 16452 16064 11187 1371 8725 
Rint 0.0582 0.0258 0.0732 0.0205 0.1144 
Unique refl. in refin. 2898 2858 2048 495 3443 
Refl. With I> 2σ(I) 2390 2577 1574 475 1953 
Param. refined 179 179 133 47  271 
R1 (2σ(I)) 0.0296 0.0240 0.0382 0.0155 0.0624 
R1 (all data) 0.0381 0.0274 0.0553 0.0166 0.1152 
wR2 0.0656 0.0659 0.0727 0.0436 0.1048 
Goodness of fit 0.997 1.385 0.920 1.000 0.956 
Diff. peak/ hole [e/Å3] -0.315/0.375 -0.260/0.539 -0.424/0.709 0.445 /-0.703 -1.779/1.103 
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